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SUMMARY 


During  1978  and  1979,  a  DOD/DOE  joint  project,  with  the  Navy  having  the  lead 
role,  resulted  in  the  refining  at  the  Standard  Oil  Company  (Ohio),  Toledo 
Refinery  of  approximately  88,000  barrels  of  the  shale  oil  produced  by  the 
Paralio  retort  process,  into  several  fuels  meeting  military  specifications. 
The  products  were  JP-5,  JP-8,  marine  diesel  fuel  (DFM) ,  and  residual  fuel  oil. 
Samples  of  these  products  were  made  available  at  the  Army  Fuels  and  Lubricants 
Research  Laboratory  for  analyses  and  evaluation  in  a  turbine  engine  combustor 
and  diesel  engines  typical  of  those  available  in  the  U.S.  Army  inventory. 
This  evaluation  program  was  intended  to  ascertain  the  performance  of  these 
fuels  in  Army  engine  systems  as  part  of  the  overall  program  within  DOD  to 
develop  a  capability  for  consuming  multisource  mobility  fuels.  The  combustor 
is  based  on  hardware  from  the  Allison  T-63  turbine  engine  used  in  several  Army 
helicopters.  The  diesel  engines  employed  were  the  Detroit  Diesel  3-53  and 
6V-53T,  and  the  Continental  LDT-465-1C  and  a  single  cylinder  from  the  Conti¬ 
nental  AVDS  1790-2C,  mounted  on  a  CUE  universal  crankcase. 

The  analytical  results  indicate  the  fuels  met  virtually  all  the  military 
specifications  with  the  exception  of  the  failure  of  the  JP-5  to  meet  the 
copper  corrosion  requirement  and  the  DFM  to  meet  the  maximum  limit  for  pour 
point.  A  32-week,  43°C  storage  test  on  these  fuels  indicated  their  storage 
stability  was  equivalent  to  that  of  petroleum  products  under  these  conditions. 
Accelerated  stability  tests  at  80°  and  150°C  indicated  instability  at  the 
lower  temperature  but  none  at  150°C.  Compatibility  studies  of  the  JP-5  and 
DFM  with  petroleum-derived  fuels,  which  consisted  of  accelerated  stability 
tests  at  80°  and  150°C,  indicated  that  the  fuels  studied  are  compatible  with 
each  other.  The  JP-5  and  DFM  responded  to  the  addition  of  a  cetane  improver 
additive  in  a  manner  similar  to  that  of  a  petroleum-derived  material.  The 
addition  of  an  additive  package  developed  for  petroleum-derived  fuels  which 
contains  a  corrosion  inhibitor  incrementally  improved  the  corrosion  tendencies 
of  the  JP-5  and  DFM  but  did  not  affect  the  JP-8.  Microbiological  growth 
susceptibility  investigations  conducted  at  the  U.S.  Army  Natick  Laboratories 
showed  that  growth  of  Cladosporium  reslnae  was  supported  by  the  shale-derived 
JP-5  and  DFM. 
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The  performances  of  shale  fuels  In  a  turbine  combustor  were  virtually  analo¬ 
gous  to  that  of  a  petroleum-derived  fuel  with  respect  to  combustion  effi¬ 
ciency,  CO,  NO^,  and  unburned  hydrocarbon  emissions.  Higher  flame  radiation 
and  exhaust  smoke  levels  were  observed  for  the  shale-derived  JP-5  and  DFM  than 
were  observed  for  a  petroleum  Jet  A.  The  differences  observed  were  attributed 
to  the  lower  hydrogen  content  of  the  shale  fuels. 

Four  diesel  engines  were  used  to  compare  the  performance  of  shale-derived  JP-5 
and  DFM  with  similar  petroleum-derived  products.  In  three  engines  the  maximum 
power  output  and  specific  fuel  consumption  were  compared  and  the  only  observ¬ 
able  differences  between  the  fuels  were  those  attributed  to  differences  in 
heat  of  combustion.  A  210-hour  endurance  test  was  conducted  using  shale  DFM. 
The  results  showed  no  power  loss  during  the  test  nor  evidence  of  distress  or 
impending  component  failure;  and  piston  deposits  and  component  wear  were 
acceptable.  The  performance  results  of  the  DFM  in  this  endurance  test  were 
indistinguishable  from  those  obtained  with  conventional  petroleum-derived 
diesel  fuel  with  similar  properties. 
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FOREWORD 


This  work  was  conducted  at  the  U.S.  Army  Fuels  and  Lubricants  Research  Labor¬ 
atory  (USAFLRL)  located  at  Southwest  Research  Institute,  San  Antonio,  Texas 
under  Contracts  DAAK70-78-C-0001  and  DAAK70-80-C-0001  during  the  period  June 
1979  through  November  1980.  The  work  was  funded  by  the  U.S.  Army  Mobility 
Equipment  Research  and  Development  Command  (MERADCOM) ,  Ft.  Belvoir,  Virginia, 
witli  Mr.  F.W.  Schaekel  (DRDME-GL)  serving  as  contract  monitor.  Project  tech¬ 
nical  monitor  was  Mr.  M.E.  LePera,  MERADCOM-DRDME-GL. 

A  portion  of  this  work  was  funded  by  the  U.S.  Department  of  Energy,  Bartles¬ 
ville  Energy  Technology  Center,  under  Contract  EY-77-A-02-4 162.  Dr.  D.W. 
Brinkman  served  as  Technical  Project  Officer.  Microbiological  growth  tests 
were  conducted  by  U.S.  Army  Natick  Laboratories. 
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I.  INTRODUCTION 


The  prospects  of  an  energy  shortage  in  the  United  States  and  continued  re¬ 
liance  on  imports  of  crude  oil  have  prompted  initiation  of  numerous  projects 
with  the  objective  of  producing  liquid  fuels  from  sources  other  than  con¬ 
ventional  petroleum  crude  oils.  Among  natural  resources  that  exist  in  great 
abundance  in  the  U.S.  and  which  can  be  converted  into  liquid  hydrocarbon  fuels 
are  coal  and  oil  shale.  A  third  resource  that  exists  in  lesser  quantities  is 
tar  sands.  Recovering  oil  from  shale  and  refining  that  oil  into  finished 
fuels  appears  to  be  the  most  readily  available  technology  for  the  production 
of  synfuels  meeting  current  specifications. 

In  a  recent  joint  Department  of  Defense/Department  of  Energy  project  managed 
by  the  Navy,  88,000  barrels  of  crude  shale  oil  were  refined  into  several 
thousand  barrels  of  military  fuels.  ( _1_) *  Drum  quantities  of  JP-5  aircraft 
turbine  fuel  and  marine  diesel  fuel  (DFM) ,  and  less  than  drum  quantities  of 
JP-8  aircraft  turbine  fuel,  were  supplied  to  the  U.S.  Army  Fuels  and  Lubri¬ 
cants  Research  Laboratory  (AFLRL)  for  evaluation. 

The  purpose  of  the  program  was  to  evaluate  the  JP-5,  JP-8,  and  DFM  produced 
from  the  Paraho-II  shale  oil  for  specification  requirements  and  other  pro¬ 
perties  not  necessarily  defined  by  specification  testing,  and  to  ascertain 
their  performance  in  Army  engine  systems  as  part  of  the  overall  program  to 
develop  a  capability  for  consuming  multisource  fuels  within  the  Department  of 
Defense.  The  fuels  were  analyzed  and  compared  to  specification  requirements, 
and  additional  analyses  were  performed  to  better  define  the  components  of 
these  fuels  and  determine  their  storage  stability,  additive  response,  and 
compatibility  with  petroleum-derived  fuels.  The  combustion  performance  was 
evaluated  in  a  combustor  based  on  hardware  from  the  Allison  T-63  engine.  The 
performance  of  these  fuels  was  investigated  in  the  Detroit  Diesel  3-53  and 
6V-53T  engines.  Teledyne  Continental  LDT-A65-1C  engine,  and  CUE-1790  engine. 
The  microbiological  growth  susceptibility  of  the  JP-5  and  DFM  fuels  was  in¬ 
vestigated  at  the  U.S.  Army  Natick  Laboratories. (2) 

*  Underscored  numbers  in  parentheses  refer  to  the  list  of  references  at  the 
end  of  this  report. 
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Other  evaluations  of  the  Faraho-II  fuels  performed  by  the  U.S.  Air  Force,  IJ.S. 
Navy,  Department  of  Energy,  and  other  government  agencies  are  not  the  subject 
of  this  report  but  are  being  accumulated  by  TRW  acting  as  a  data  depository 
under  contract  with  the  U.S.  Navy  (_3) . 

The  work  conducted  at  AFLRL  is  discussed  in  three  sections:  FUEL  PROPERTIES, 
GAS  TURBINE  COMBUSTION  PERFORMANCE,  and  DIESEL  ENGINE  PERFORMANCE. 

II.  BACKGROUND 


Experiments  have  determined  that  the  conversion  of  oil  shale  into  specifi¬ 
cation  fuels  is  perhaps  the  most  feasible  avenue  to  replace  military  fuels 
currently  derived  from  petroleum.  In  1975,  10,000  barrels  of  crude  shale  oil 
produced  by  the  Paraho  retorting  process  located  at  the  Naval  Oil  Shale  Re¬ 
serve,  Anvil  Points,  Colorado,  were  refined  into  a  product  slate  of  military 
fuels  that  included  gasoline,  JP-4,  JP-5/Jet  A,  DF-2/DFM  and  heavy  fuel  oil 
( 4J .  Because  of  the  lack  of  adequate  hydrotreating  facilities  at  the  refinery 
employed  to  produce  these  fuels,  the  products  failed  to  meet  specification 
requirements  primarily  in  the  area  of  storage  and  thermal  stability.  In 
addition,  the  DF-2/DFM  product  was  found  to  contain  a  high  level  of  parti¬ 
culate  and  wax  at  ambient  temperatures,  which  made  it  unsuitable  and  caused  it 
to  fail  existing  specifications.  However,  this  work  showed  that  military 
specification  fuels  could  be  produced  from  oil  shale.  The  fuels  produced  from 
this  first  refined  batch  of  shale  have  been  referred  to  as  Paraho-I  fuels. 

The  fuels  derived  from  a  second  batch  of  Paraho  shale  oil  were  produced  under 
a  joint  DOD/DOE  project  managed  by  the  Navy.  In  this  project,  88,000  barrels 
of  shale  oil  were  produced  by  the  Paraho  Development  Corporation,  sent  to  the 
Standard  Oil  Company  (Ohio)  refinery  in  Toledo,  Ohio,  and  processed  into 
finished  fuels.  A  total  of  8,000  barrels  of  gasoline  stock  or  naphtha  was 
produced  and  retained  by  SOHIO  for  further  processing.  Also,  6,000  barrels  of 
JP-5,  462  barrels  of  JP-8,  16,000  barrels  of  marine  diesel  fuel,  and  38,000 
barrels  of  residual  fuel  oil  were  produced  (_1_) .  Fuels  generated  in  this  pro¬ 
gram  have  been  and  are  here  referred  to  as  Paraho-II  shale  oil  fuels. 
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The  processing  of  this  batch  of  shale  oil  (_1_)  was  described  stepwise  as  fol¬ 
lows:  Initially,  the  crude  shale  oil  was  allowed  to  settle  at  aLove  ambient 
temperature  to  reduce  water  and  ash  content.  After  settling,  the  shale  oil 
was  mixed  with  hydrogen,  preheated,  and  passed  through  a  guard  bed  where 
organic  iron,  arsenic,  ash,  and  solids  were  removed.  Following  the  pretreat¬ 
ment,  the  whole  shale  oil  was  catalytlcally  hydrotreated  at  elevated  tempera¬ 
tures  and  under  hydrogen  partial  pressure.  In  this  catalytic  reaction  of 
hydrogen  with  sulfur,  oxygen,  and  nitrogen  compounds,  the  heteroatom  content 
was  reduced  extensively.  Also,  aromatic  saturation  and  cracking  occurred  to 
some  extent,  thereby  increasing  the  hydrogen-carbon  ratio.  The  hydrotreated 
shale  oil  was  fractionated  by  distillation  into  gasoline,  jet  fuel,  diesel, 
and  a  residual  fraction.  Some  of  the  residual  fraction  was  recycled  to  the 
hydrotreater  to  increase  the  jet  and  diesel  fuel  yields.  Final  finishing 
steps,  acid  and  clay  treating,  were  used  on  these  fuels  to  meet  military 
specifications  for  gum  and  stability. 


III.  FUEL  PROPERTIES 

A.  Specification  Analyses 

The  properties  and  characterization  of  the  finished  fuels  derived  from  shale 
oil  are  shown  in  Table  l.  The  properties  of  the  JP-8  are  compared  to  the 
requirements  for  Military  Specification  MIL-T-83 133A,  Turbine  Fuel,  Aviation, 
Kerosene  Type,  Grade  JP-8.  An  examination  of  these  properties  shows  that  this 
fuel  meets  all  the  requirements  for  JP-8.  The  heat  of  combustion  is  just 
above  the  minimum  requirement  which  correlates  with  the  relatively  high  aro¬ 
matic  content  of  this  fuel  as  measured  by  the  FIA  procedure.  Although  this 
value  is  within  the  specification,  it  is  close  to  the  25  maximum  listed  in  the 
requirements. 

The  properties  for  the  JP-5  aircraft  turbine  fuel  are  also  shown  in  Table  1 
and  are  compared  to  the  requirements  of  Military  Specification  MIL-T-5624L, 
Turbine  Fuel,  Aviation,  Grade  JP-5.  The  properties  of  the  sample  met  all  the 
JP-5  requirements  except  for  the  smoke  point  and  the  copper  corrosion  test 
measured  at  100°C  which  gave  in  ASTM  rating  of  2c.  The  maximum  rating  allowed 
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TABLE  1.  PROPERTIES  OF  FUELS  DERIVED  FROM  SHALE  Oil 


_ Properties 

Specific  Gravity,  15.6/15.6*0 
Gravi  ty ,  °API 
Distillation,  *0 
IBP 

in?  Recovered 
20?  Recovered 
SOI  Recovered 
401  Recovered 
Find  Point 
5  Recovered 
5  Residue 
Z  Loss 

Flash  Point,  *C 
Viscosity  at  37,B*C,«:St 
Viscosity  at  -20*C,eSt 
Anilin"  Point,  *C 
Cloud  Point,  *C 
Pout  Point,  ®C 
Freezing  Point,  *C 
Existent  Cum,  mg/lOOml 
Total  Acid  Number,  mg  KOH/g 
Neut  r.i  1 1  ty 

Aromatics,  volt  (FIA) 

Olefins,  volt  (FIA) 

Carbon,  wtZ 
Hydrogen,  wt? 

Nitrogen,  ppm 
Oxygen,  wtZ 
-Sulfur,  wtZ 

Thermal  Oxidation  Stability  (JFTOT) 
at  26U°C 
‘,P,  mm  Hg 

Tube  rating,  visual 

TDK-spun 

TDR-spot 

Cu  Corrosion  at  100®C 
Net  Heat  of  Combustion,  MJ/kg 
Smoke  Point,  mm 
Aniline-Gravity  Product 
Visual  Appearance 
Color,  ASTM  Rating 
Accelerated  Stability,  mg/100  ml 
Particulate  Matter,  mg/1 
Ash,  wtZ 
Cetane  Number 
Carbon  Residue  on 
10Z  bottoms,  wtZ 
Demulsif ication,  minutes 
Ring  Carbon 

Mono-a romat lcs ,  wtZ 
Ui-aromat lc9,  wtZ 
Tri-aromatlcs,  wtZ 
GC  Distillation,  “C 
0.1  wtZ  off 
1  wtZ  off 
10  wtZ  off 
20  wtZ  off 
50  wtZ  off 
90  wtZ  off 
95  wtZ  off 
99  wt Z  off 
99.5  wtZ  off 
HPLC  Aromatics,  wtZ 
HPLC  Saturates,  wtZ 


J  P-8 

JP-8 

Requi rements 

JP-5 

IP-5 

Requi rement  s 

DKM 

DFM 

Requi rement  , 

0.8044 

0.775-0.840 

0.8081 

0.788-0. 84 5 

n. 8351 

--- 

44.4 

37-51 

43.6 

16-48 

17.9 

Rrr.ird 

178 

— 

179 

_ 

206 

_ 

187 

205  max 

189 

205  max 

2  3  3 

— 

189 

— 

192 

— 

24  3 

— 

201 

202 

— 

264 

— 

227 

— 

220 

— 

295 

15  7  ma  x 

257 

300  max 

248 

290  max 

112 

IBS  max 

98.5 

— 

98.5 

— 

99 

— 

1.0 

1 . 5  max 

1.5 

J .  5  max 

J 

0.5 

1.5  max 

0 

1.5  max 

0 

t  -..IX 

57 

38  min 

62 

60  min 

HO 

60  min 

1.30 

— 

1.38 

— 

2.  71 

1.8-9. 5 

4. 19 

8.0  max 

4.68 

8,  5  max 

— 

— 

62.4 

— 

60.4 

— 

6  7.0 

Record 

— 

— 

— 

— 

10 

-1  max 

— 

- — 

— 

— 

-18 

-7  max 

-52 

-50  max 

-51 

-46  max 

— 

— 

0.4 

7  max 

0 

7  max 

0 

_ 

0.01 

0.015  max 

0 

0.015  max 

0.001 

0. 3  max 

— 

— 

— 

— 

Neur  ra  1 

Neut ra  1 

21 

25  max 

22 

25  max 

30 

— 

2 

5  max 

2 

5  max 

1 

— 

86.05 

— 

85.92 

— 

86.54 

— 

13.70 

13.5  min 

13.68 

13.5  min 

.3.36 

_ 

0.31 

— 

<1 

<1 

_ 

0.40 

— 

0.38 

— 

0.37 

— 

0.002 

0. 30  max 

0.005 

0.40  max 

0.004 

1.00  nax 

0 

25  max 

0 

25  max 

0 

— 

2 

<3 

1 

<3 

3 

— 

10.0 

— 

2.0 

— 

11.5 

_ 

12.0 

— 

8.0 

— 

19 

— 

IA 

IB  max 

2C 

1 R  max 

IA 

42.82 

42.8  min 

42.68 

42.6  min 

42.50 

— 

20.2 

19  min 

17.5 

19  min 

16.5 

_ 

6,407 

— 

6,134 

4,500  min 

— 

— 

Straw,  clear 

— 

White,  clear 

— 

White,  clear 

Clear,  bright 

0.5 

— 

<0.5 

— 

<0.5 

3  max 

0.29 

— 

0.14 

— 

0.20 

2.5  max 

0.3 

1  max 

0.1 

1  max 

0.5 

8  max 

— 

— 

— 

— 

0 

0.005  max 

45 

— 

45 

— 

49 

45  min 

— 

— 

--- 

--- 

0.04 

0.2  max 

— 

— 

— 

"" 

5 

10  max 

13.84 

_ 

13.54 

_ 

11.58 

_ 

1.19 

— 

1.36 

— 

4.03 

— 

0.003 

— 

0.002 

— 

0.045 

120.1 

_ 

136.5 

_ 

103.4 

_ 

153.6 

— 

159.7 

— 

152.3 

— 

170.4 

186  max 

1  74.5 

185  max 

214.0 

— 

176.6 

— 

185.3 

— 

236.2 

— 

203.1 

— 

208.9 

— 

271.8 

— 

241.0 

— 

245.9 

— 

316.5 

— 

252.2 

— 

255.0 

— 

323.3 

— 

274.6 

— 

278.8 

— 

336.1 

— 

285.7 

330  max 

291.6 

320  max 

342.1 

— 

23.5 

— 

24.9 

— 

27.8 

— 

76.5 

— 

75.1 

— 

72.2 

— 
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by  the  specification  Is  lb.  The  refiners  of  these  shale  fuels  indicated  that 
they  also  observed  the  high  copper  corrosion  rating,  and  suspected  that  a 
small  concentration  of  a  sulfur  compound  remaining  in  the  fuel  was  causing 
this  rating.  It  is  anticipated  that  further  refining  of  the  shale  JP-5  could 
remove  the  corrosive  material  and  improve  the  rating.  In  future  batches  of 
shale  oil  fuels,  this  deficiency  can  be  corrected.  Again  the  net  heat  of 
combustion  is  approaching  the  minimum  limit,  which  is  in  line  with  the  high 
aromatic  content  of  this  fuel. 

The  properties  of  the  marine  diesel  fuel  manufactured  to  meet  the  requirements 
of  Military  Specif icat ion  MIL-F-16884G,  Fuel  Oil,  Diesel,  Marine  are  also 
shown  in  Table  1.  The  properties  are  within  the  specification  limits  with  one 
exception.  The  cloud  point  in  the  specification  is  1°C  maximum  while  the  test 
gave  a  value  of  10°C.  The  effect  of  this  high  cloud  point  is  that  engine 
systems  operating  in  ambient  temperatures  at  or  below  10°C  may  encounter  fuel 
filter  plugging  due  to  wax  formation.  All  three  of  the  fuels  derived  from 
Paraho-II  shale  oil  were  clear  in  appearance  and  gave  good  thermal  stability 
test  results.  Existent  gum  and  accelerated  stability  values  were  low. 

Gas  chromatographic  boiling  point  distribution  analyses  were  performed  on  the 
samples  of  shale-derived  JP-8,  JP-5,  and  DFM  and  the  chromatograms  are  shown 
in  Figure  1.  These  indicate  that  the  JP-8  and  JP-5  are  very  similar  in  com¬ 
position,  with  the  JP-8  containing  more  light  end  components  as  would  be  ex¬ 
pected  due  to  the  lower  flash  point  of  JP-8,  and  that  the  DFM  is  composed  of 
higher  boiling  hydrocarbons.  The  JP-5  and  DFM  samples  were  separated  into 
saturate  and  aromatic  fractions  by  silica  gel  chromatography,  and  the  separate 
fractions  were  then  analyzed  by  GC  boiling  point  distribution.  The  chroma¬ 
tograms  are  shown  in  Figures  2  and  3  for  the  JP-5  and  DFM  fractions,  respec¬ 
tively.  It  appears  that  in  both  fuels  the  light  ends  are  composed  more  of 
saturated  hydrocarbons  and  the  aromatics  are  found  in  the  higher  boiling 
portions . 


B.  Storage  Tests  at  43°C  For  32  Weeks 

The  three  fuels  obtained  from  shale  oil  were  subjected  to  stability  tests  at 
43°C  for  32  weeks(_5).  After  4,  8,  16,  and  32  weeks,  pairs  of  bottles  were 
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FIGURE  i.  GC  BPD  OF  JP-8,  JP~5,  AND  DFM  FROM  SHALE 
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removed  from  storage  and  analyzed  separately  for  gum  content,  dissolved  oxy¬ 
gen,  and  peroxide  number.  Twelve  unvented  bottles  of  each  sample  were  ori¬ 
ginally  placed  in  storage,  and  every  four  weeks,  each  bottle  was  cooled  over¬ 
night  and  opened  for  5  minutes  to  insure  aeration  of  the  samples.  As  the 
pairs  were  removed,  they  were  filtered  through  sintered-glass  filters.  The 
filtered  fuel  was  measured  for  gum  content  by  ASTM  D  381.  The  bottles  were 
rinsed  with  a  triple  solvent  (equal  volumes  of  toluene,  acetone,  and  methanol) 
to  dissolve  adherent  gum.  The  rinses  from  both  bottles  were  poured  through 
the  same  sintered-glass  filters  to  dissolve  any  of  the  same  type  of  fuel-in¬ 
soluble,  adherent  gum  that  may  have  remained  suspended  in  the  fuel  and  fil¬ 
tered  out  during  the  first  filtration.  Vaporization  of  the  triple  solvent 
followed,  and  the  insoluble  gum  was  recovered  and  weighed.  Any  additional 
material  that  remained  on  the  sintered-glass  filter  was  then  measured  as 
precipitate  by  reweighing  the  filter.  Details  of  this  procedure  are  shown  in 
Appendix  A.  The  results  of  the  storage  stability  tests  are  shown  in  Table  2. 
The  f inished  fuels  manufactured  from  shale  crude  oil  were  stable  throughout 
the  32  weeks  of  storage  at  43°C  and  compared  favorably  with  a  petroleum-based 
JP-5  subjected  to  the  same  test.  Only  small  amounts  of  gum  were  formed  in 
each  sample.  The  soluble  and  the  insoluble  gum  and  precipitate  levels  formed 
during  each  storage  period  for  each  of  the  fuels  are  plotted  in  Figures  4 
through  6. 

It  is  generally  acknowledged  that  autoxidation  in  hydrocarbon  liquids  is  a 
chain  reaction  involving  peroxy  and  hydrocarbon  free  radical(_6).  There  is  a 
period  in  this  process  during  which  little  oxygen  is  absorbed  and  only  small 
amounts  of  oxidation  products  are  formed.  After  this  induction  period,  per¬ 
oxides  are  formed,  followed  by  insoluble  oxidation  products.  Dissolved  oxygen 
content  and  peroxide  numbers  of  stored  samples  were  measured  after  4,  8,  16, 
and  32  weeks  in  an  attempt  to  identify  the  induction  period.  The  data  are 
shown  in  Table  3.  The  shale  fuels  initially  had  a  dissolved  oxygen  content 
which  remained  at  approximately  the  same  level  through  16  weeks  of  storage. 
At  32  weeks,  the  dissolved  oxygen  levels  were  reduced  significantly,  a  fact 
which  suggests  the  induction  period  ended  sometime  between  16  and  32  weeks. 
The  finished  fuels  from  shale  oil  showed  no  measurable  peroxide  number  until  8 
weeks  of  storage  and  slight  increase  in  values  after  16  and  32  weeks.  The 
16-week  samples  for  the  JP-8  fuel  were  lost  before  peroxide  numbers  were 
measured . 
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TABLE  2.  STORAGE  STABILITY  TESTS  AT  43°C 
mg/ 100  ml 


A  and  B  are  values  obtained  for  duplicate  bottles.  The  insoluble  gum  and  precipitate  values 
for  bottles  A  and  B  are  combined  into  one. 


MILLIGRAMS/100  ml  MILLIGRAMS/100  ml  MILLIGRAMS/100  ml 


5.0 

4.5 
4.0 

3.5 
3.0 

2.5 
2.0 

1.5 
1.0 
0.5 
0.0 

0  4  8  12  16  20  24  28  32 

STORAGE  TIME,  WEEKS 

FIGURE  4.  STORAGE  STABILITY  TEST  AT  43°C  FOR 
JP-8  FROM  SHALE  OIL 

5.0 

4.5 
4.0 

3.5 
3.0 

2.5 
2.0 

1.5 
1.0 
0.5 
0.0 

0  4  8  12  16  20  24  28  32 

STORAGE  TIME,  WEEKS 

FIGURE  5.  STORAGE  STABILITY  TEST  AT  43°C  FOR 
JP-5  FROM  SHALE  OIL 
5.0 

4.5 
4.0 

3.5 
3.0 

2.5 
2.0 

1.5 
1.0 
0.5 
0.0 

0  4  8  12  16  20  24  28  32 

STORAGE  TIME,  WEEKS 

FIGURF  6.  STORAGE  STABILITY  TEST  AT  43°C  FOR 
DFM  FROM  SHALE  OIL 


PRECIPITATE  PLUS  GUM 

-  Insoluble"  plus  soluble 

SOLUBLE  GUM 


J _ I _ I _ I _ I _ I _ L 
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TABLE  3.  DISSOLVED  OXYGEN  AND  PEROXIDE  NUMBERS  IN  FUELS  STORED  AT  43°C 


The  shale  oil-derived  fuels  were  stable  with  respect  to  the  32-week,  43°C 
storage  test  and  did  not  generate  sufficient  quantities  of  gum  for  analyses. 
Thermal  oxidation  stability  tests  by  the  JFTOT  procedure  were  conducted  on  the 
shale  fuels,  and  the  data  shown  in  Table  4  indicate  those  fuels  to  be  ther¬ 
mally  stable.  The  jet  fuels,  JP-8  and  JP-5,  met  the  specification  require¬ 


TABLE  4.  THERMAL  OXIDATION  STABILITY  (JFTOT) 

DATA  FOR 

SHALE-DERIVED 

FUELS  BEFORE  AND 

AFTER  32  WEEKS  OF  STORAGE  AT 

43°C 

JFTOT 

at  260°C 

JP-8 

JP-5 

DFM 

As  Received 

A  P ,  mm  Hg 

0 

0 

0 

Tube 

rating,  visual 

2 

1 

3 

Tube 

Deposit  Rating,  spun 

10.0 

2.0 

11.5 

Tube 

Deposit  Rating,  spot 

12.0 

8.0 

14.0 

After 

AP, 

32  weeks  at  43°C 
mm  Hg 

0 

0 

0 

Tube 

rating,  visual 

2 

1 

1 

Tube 

Deposit  Rating,  spun 

2 

4 

7 

Tube 

Deposit  Rating,  spot 

7.5 

6 

14 

ments.  The  DFM  had  a  visual  tube  rating  of  3,  which  would  be  a  fail  for  jet 
fuels;  however,  after  storage,  the  DFM  had  a  visual  tube  rating  of  1,  sug¬ 
gesting  that  most  of  the  unstable  species  had  been  removed  as  gum. 

C .  Hydrocarbon  Type  Composition  of  Fuels 

The  hydrocarbon  type  composition  of  the  fuels  from  coal  and  from  shale  was 

determined  by  several  techniques:  fluorescent  indicator  adsorption  (FIA) , 

proton  nuclear  magnetic  resonance  (proton  NMR),  natural  abundance  carbon-13 

13 

nuclear  magnetic  resonance  (  C  NMR),  and  aromatic  carbon  by  ultraviolet  spec¬ 
trometry.  The  FIA  is  a  standard  ASTM  procedure  used  for  petroleum-derived 
gasolines  and  jet  fuels  but  is  not  reliable  when  used  with  diesel  fuels.  The 
proton  NMR  technique  was  described  by  Myers,  et  al.(_7)  and  can  be  used  to 
calculate  aromatics,  olefins,  and  saturates  in  the  sample  as  well  as  hydro¬ 
gen-carbon  ratio.  The  calculations  are  based  on  equations  derived  from  pro¬ 
perties  of  hydrocarbons  in  the  gasoline  range;  therefore,  this  technique  may 

not  be  entirely  applicable  to  hydrocarbons  of  higher  molecular  weights  present 

13 

in  the  samples  in  this  investigation.  The  C  NMR  method  described  by  Shool- 
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ery  and  Budde(8)  measures  the  aromatic  carbon  atoms  present  in  the  sample,  and 
the  balance  is  assumed  to  be  paraffinic  carbons.  The  ultraviolet  technique 
distinguished  between  the  single-ring,  the  double-ring,  and  the  triple-ring 
aromatic  carbon  atoms. 


Table  5  contains  the  hydrocarbon  type  data  for  fuel  samples  before  and  after 
the  storage  tests.  The  shale-derived  fuels  were  analyzed  by  FIA,  proton  NMR, 


TABLE  5. 

HYDROCARBON  TYPE 

ANALYSES 

JP-8 

JP-5 

DFM 

FIA  (as  received) 

Aromatic,  vol% 

21 

22 

30 

Olefin,  vol% 

2 

2 

1 

Proton  NMR  (as  received) 

Aromatic,  vol% 

16 

14 

15 

Olefin,  vol% 

5 

0 

4 

Proton  NMR  (32  weeks) 

Aromatic,  vol% 

15 

13 

16 

Olefin,  vol% 

5 

2 

4 

1  3 

C  NMR  (as  received) 

Aromatic,  w*% 

15.4 

14.3 

15.0 

13C  NMR  (32  weeks) 

Aromatic,  wt% 

15.0 

15.6 

13.2 

Ultraviolet  (as  received) 

Aromatic  Carbon 

Mono,  wt% 

13.84 

13.54 

11.58 

Di,  wtZ 

1.19 

1.36 

4.03 

Tri,  wt% 

0.002 

0.002 

0.045 

13 

C  NMR,  and  UV  before  the  storage  test.  The  two  NMR  techniques  also  were 

used  to  analyze  the  samples  after  the  32-week,  43°C,  storage  test.  In  view  of 

the  differences  in  the  methods  as  described  above,  it  is  not  surprising  that 

the  values  shown  in  Table  5  differ  among  the  methods.  When  comparing  the 

values  obtained  by  NMR  on  the  original  samples  to  those  after  32  weeks,  very 

13 

few  differences  were  observed  for  the  shale  fuels.  Both  proton  NMR  and  C 
NMR  spectra  for  fuels  before  and  after  storage  are  shown  in  Appendices  B  and 
C,  respectively. 
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D.  Compatibility  With  Petroleum  Fuels 

The  compatibility  of  shale-derived  fuels  with  petroleum  fuels  under  conditions 
designed  to  accelerate  the  oxidation  process  was  investigated.  Blends  of 
equal  quantities  of  the  shale  JP-5  with  petroleum-derived  JP-5,  and  the  shale 
DFM  with  petroleum-derived  diesel  fuel  were  subjected  to  stability  tests  at 
150°C  and  80°C. 

The  High  Temperature  Stability  of  Distillate  Fuels  is  a  procedure  being  con¬ 
sidered  by  ASTM  for  standardization  and  is  summarized  as  follows:  A  measured 
volume  of  distillate  fuel  is  aged  1.5  hours  at  150°C  in  an  open  tube  with  air 
exposure.  After  aging  and  cooling,  fuel  is  filtered  and  the  amount  of  insol¬ 
uble  residue  formed  is  estimated  by  determining  the  light  reflectance  of  the 
filter  pad.  In  this  work,  the  procedure  was  modified  to  include  a  gravimetric 
determination  of  the  residue,  measurement  of  light  absorbance  of  the  fuel  at 
four  wavelengths,  and  steam  jet  gum  on  the  fuel  after  aging  and  filtering.  In 
addition,  the  adherent  gum  remaining  in  the  sample  aging  bottles  was  measured. 

The  data  for  the  JP-5  evaluations  are  shown  in  Table  6  and  indicate  that  no 
compatibility  problems  were  observed  with  these  two  fuels  when  filterable 
particulates  formed  at  150°C  are  the  criteria  for  consideration.  The  levels 
of  particulates  formed  in  the  blended  fuel  are  about  midway  between  the  level 
formed  in  the  shale  JP-5  and  in  the  petroleum  JP-5.  Fewer  particulates  were 
formed  in  the  shale  JP-5  than  in  the  petroleum  JP-5.  The  steam  jet  gum  mea¬ 
sured  on  the  filtered  fuels  have  slightly  higher  gum  levels  in  the  blend  than 
in  either  the  shale  or  petroleum  JP-5. 

Evaluations  of  shale  DFM,  petroleum  DF-2  and  50/50  blends  in  the  150°C  mod¬ 
ified  stability  test  are  presented  in  Table  7.  As  in  the  case  of  JP-5  fuels, 
the  level  of  particulates  formed  in  the  blended  fuel  samples  was  somewhere 
between  the  level  formed  in  each  fuel.  The  shale-derived  DFM  produced  less 
particulates  than  the  petroleum  DF-2.  Steam  jet  gum  measurements  on  the 
filtered  blended  fuel  samples  were  considerably  higher  than  those  for  the 
individual  fuels.  The  higher  steam  jet  gum  values  for  the  blends  of  JP-5  and 
diesel  fuels  may  indicate  some  synergism  between  shale  oil  and  petroleum 
products  during  oxidation  reactions  under  these  aging  conditions. 
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TABLE  6.  COMPATIBILITY  OF  SHALE  AND  PETROLEUM  JP-5  FUELS 


Modified 

o 

o 

o 

m 

Test 

Code  No. 

AL- 

8436-T 

AL' 

-8570-T 

AL-8436-T  & 

AL-8570-T 

Fuel  Description 

Paraho-II  JP-5 

Petroleum  JP-5 

Blend 

50/50 

Test  hr 

1.5 

3.0 

1.5 

3.0 

1.5 

3.0 

Color  after  test, 

D  1500  (1) 

Glass  Fiber  Filter 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

Rating,  Visual  (2) 

1 

5 

15 

19 

12 

15 

%  Reflectance  (3) 

Wt  of  particulates. 

93.9 

86.0 

50.8 

32.0 

68.8 

55.0 

mg/100  ml 

Light  Absorbance, 

0.08 

0.12 

0.56 

1.04 

0.26 

0.48 

650  nm 

0 

0 

0 

0 

0 

0 

575  nm 

0 

0.002 

0 

0.004 

0 

0 

540  nm 

0.001 

0.007 

0.006 

0.015 

0.001 

0.005 

500  nm 

0.002 

0.019 

0.015 

0.035 

0.005 

0.012 

Adherent  Insolubles, 
mg/ 100  ml 

Steam  Jet  Gum  on 

0.2 

0.2 

0.1 

0.2 

0.2 

0.3 

filtered  sample. 

mg/ 100  ml 

0.4 

1.6 

1.6 

3.2 

3.6 

4.8 

(1)  Color  of  original 

samples 

and  biends 

:  0.5 

(2)  Visual  rating  for  all  control  filters:  1 

(3)  %  Reflectance  for  all  control  filters:  99.0% 


TABLE  7.  COMPATIBILITY  OF  SHALE  AND  PETROLEUM  DIESEL  FUELS 
Modified  150°C  Test 

Code  No.  AL-8437-F  AL-8277-F  AL-8437-F  &  AL-8277-F 

Fuel  Description  Paraho-II  DFM  Petroleum  DF-2  _ Blend  50/50 _ 


Test  hr 

1.5 

3.0 

1.5 

3.0 

1.5 

3.0 

Color  D  1500 

before  test 

0.5 

0.5 

1.5 

1.5 

1.0 

1.5 

after  test 

Glass  Fiber  Filter 

0.5 

0.5 

1.5 

1.5 

1.0 

1.5 

Rating,  Visual  (1) 

%  Reflectance 

1 

2 

17 

20 

8 

20 

Filter 

95.8 

94.1 

40.5 

18.5 

79.0 

27.5 

Control 

Wt  of  particulates. 

99.0 

07.8 

95.0 

96.0 

95.0 

95.1 

mg/ 100  ml 

Light  Absorbance, 

0.06 

0.16 

0.59 

0.90 

0.24 

0.59 

650  nm 

0 

0.001 

0.004 

0.008 

0 

0.004 

575  nm 

0 

0.008 

0.023 

0.031 

0.011 

0.019 

540  nm 

0 

0.016 

0.043 

0.057 

0.019 

0.034 

500  nm 

Adherent  Insolubles, 

0 

0.035 

0.088 

0.114 

0.040 

0.067 

mg/100  ml 

Steam  Jet  Gum  on 

0.2 

0.2 

0.2 

r-j 

• 

o 

0.1 

0.2 

filtered  sample. 

mg/100  ml 

1.2 

3.8 

4.0 

4.2 

16.0 

13.6 

(1)  Visual  rating  for  all  control  filters:  1 
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The  80°C  Accelerated  Fuel  Oil  Stability  Test  is  a  method  developed  by  an 
additive  manufacturer's  petroleum  laboratory  to  determine  the  stability  of 
distillate  fuels  such  as  home  heating  oils  or  diesel  oils  under  accelerated 
conditions  within  7  to  14  days.  The  sample  is  aged  at  80°C  for  up  to  14  days, 
cooled  and  vacuum  filtered  through  a  filter  paper  to  collect  residues.  The 
filter  pad  is  compared  to  a  set  of  standards  to  obtain  a  numerical  visual 
rating  or  is  rated  by  a  reflectance  rating.  At  AFLRL  the  method  was  modified 
so  that  residues  were  weighed  and  the  fuel  samples  were  examined  for  light 
absorbance  in  a  UV-visible  spectrophotometer  at  650,  575,  540,  and  500  nm.  In 
addition,  the  samples  were  analyzed  for  adherent  gum  in  the  aging  containers 
and  existent  gum  content  by  the  steam  jet  procedure. 

Data  for  the  stability  tests  of  the  shale  JP-5,  petroleum  JP-5,  and  a  50/50 
blend  of  these  two  fuels  at  80°C  for  3,  7,  and  14  days  are  shown  in  Table  8. 
Under  these  conditions,  the  stability  of  shale  JP-5  was  poor  when  compared  to 
the  data  for  petroleum  JP-5.  The  blend  of  the  two  fuels  gave  results  com¬ 
parable  to  or  even  better  than  those  for  the  petroleum  JP-5.  Repeat  tests  for 
7  and  14  days  of  the  Paraho-II  JP-5  were  conducted  and  gave  about  the  same 
results  as  the  original  tests.  The  stability  test  results  at  80°C  for  the 
shale  DFM,  the  petroleum  DF-2,  and  a  blend  of  these  two  fuels,  for  3,  7,  and 
14  days,  are  shown  in  Table  9.  As  in  the  case  of  JP-5  fuels,  the  shale  DFM 
gave  poorer  results  than  the  petroleum-based  DF-2,  and  the  blend  gave  com¬ 
parable  or  slightly  better  results  than  the  petroleum  DF-2.  Repeat  tests  on 
the  shale  DFM  for  7  and  14  days  gave  about  the  same  results  as  the  first 
tests.  There  appears  to  be  no  compatibility  problem  under  these  conditions 
between  the  shale  and  petroleum  fuels;  however,  it  is  apparent  that  relatively 
more  rapid  oxidation  of  the  shale-derived  fuels  takes  place  at  80°C  than  at 
150°C  or  at  43°C. 

E.  Additive  Response 

The  response  of  additives  designed  for  petroleum  fuels  in  the  shale-derived 
fuels  was  investigated  in  two  areas:  cetane  number  improvement  and  corrosion 
inhibition.  Paraho-II  JP-8,  JP-5,  and  DFM  were  treated  with  0.1,  0.25,  and 
0.5  vol%  of  2-ethyl  hexyl  nitrate*,  and  each  blend  as  well  as  the  neat  fuels 


*  Ethyl  Corporation's  DII-3. 
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TABLE  9.  COMPATIBILITY  OF  SHALE  AND  PETROLEUM  DIESEL  FUELS — MODIFIED  80°C  OXIDATION  TEST 
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CETANE  NO 


were  evaluatea  for  cetane  numbers.  The  data  are  presented  in  Table  10  and 
plotted  in  Figure  7.  The  curve  in  Figure  7  for  the  petroleum  fuel  is  based  on 
data  supplied  by  the  additive  manufacturer.  The  Paraho-II  shale  fuels  appear 
to  be  responsive  to  cetane  improver  additives  in  approximately  the  same  manner 
as  a  petroleum  fuel. 

TABLE  10.  EFFECTS  OF  CETANE  IMPROVER  ADDITIVES 


Sample 

Neat 

0.1  vol% 
DII-3 

0.25  vol% 
DII-3 

0.5  vol% 
DII-3 

JP-8,  AL-9089-SP 

45 

50 

55 

59 

JP-5,  AL-8436-T 

44 

50 

53 

56 

DFM,  AL-8437-F 

49 

55 

59 

64 

Corrosion  tests  determined  on  the 
shale  fuels  resulted  in  "C"  ratings 
for  the  JP-8  and  JP-5  fuels  and  a  "B" 
rating  for  the  DFM  as  shown  in  Table 
11.  Addition  of  25  pounds  per  thou¬ 
sand  barrels  of  FOA-15  (an  additive 
package  containing  a  dispersant, 
oxidation  and  corrosion  inhibitors, 
and  a  metal  deactivator)  improved  the 
ratings  for  JP-5  and  DFM  but  not  for 
the  JP-8.  This  additive  package  is 
the  candidate  stabilizer  additive  for 
diesel  fuel.  Purchase  Description  PD 
ME-103.  These  tests  indicate  that 


CETANE  IMPROVER  011  3.  VOL% 

FIGURE  7.  EFFECT  OF  CETANE  IMPROVER 
(DII-3)  ON  CETANE  NUMBERS  OF  SHALE- 
DERIVED  FUELS 


these  fuels  appear  to  have  corrosion 
tendencies  and  are  not  completely  in¬ 
hibited  by  the  additive  package  FOA-15 
at  the  concentration  used. 
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TABLE  U.  CORROSION  TENDENCIES  OF  SHALE  FUELS 


_ NACE  Corrosion  Ratings 

Neat  25  PTB**  FOA  15*** 

JP-8,  AL-9089-SP  C  C 

JP-5,  AL-8436-T  C  B+ 

DFM,  AL-8437-F  B  B++ 


*  NACE  -  National  Association  of  Corrosion  Engineers. 

**  PTB  -  pounds  per  thousand  barrels. 

***  FOA  15  -  Fuel  oil  additive  15  -  candidate  stabilizer  additive  for 
diesel  fuel,  Purchase  Description  PD  ME-103. 


Rating  Descriptions: 

A  -  no  rusting 

B++  -  less  than  0.1%  -  2  spots  of  no 
more  than  1  mm  in  diameter 
B+  ~  less  than  5%  rusting 
B+,  B++,  and  A  are  acceptable  ratings 


B  -  5  to  25%  rusting 
C  -  25  to  50%  rusting 
D  -  50  to  75%  rusting 
E  -  75  to  100%  rusting 
for  pipeline  operation. 


F.  Microbiological  Growth  Susceptibility 


Samples  of  the  shale-derived  JP-5  and  DFM  were  submitted  to  the  U.S.  Army 
Natick  Laboratories  for  investigations  of  the  microbiological  growth  suscepti¬ 
bility  of  these  materials (  2) .  As  reported  by  the  Natick  Laboratories,  the 
samples  were  tested  in  duplicate  by  placing  10  ml  of  Bushnell  Haas  medium  in 
150  x  20  mm  screw  cap  test  tubes  and  overlayed  with  3  ml  of  the  test  fuel. 
Each  tube  was  inoculated  with  one  drop  of  a  spore  suspension  of  Cladosporium 
resinae,  QM  7998,  grown  on  potato  dextrose  agar,  and  incubated  at  30°C.  Table 
12  shows  the  results  of  microbial  susceptibility  to  the  test  fuels. 


TABLE 

12.  GROWTH  RATING  OF 
AFTER  DAYS  OF 

CLADOSPORIUM 

INCUBATION 

Length  of 

RESINAE  IN 

Time 

TUBES 

Fuel 

30  days  60  days 

90  days 

120  days 

6  Months 

Shate  JP-5 

+*  • 

• 

• 

Shale  DFM 

+  • 

• 

• 

# 

*  Rating 

+  =  good  growth 

•  »  heavy  growth 


Heavy  growth  of  the  Cladosporlum  resinae  in  the  Shale  JP-5  and  DFM  samples  was 
noted  between  the  second  and  third  months  of  incubation,  concentrated  at  the 
interface  between  the  fuel  and  the  Bushnell  Haas  solution.  The  growth  of 
Cladosporium  resinae  observed  on  the  shale  JP-5  and  DFM  confirms  earlier 
observations  by  May  and  Neihof(j))  who  found  Paraho-II  JP-5  supported  good 
growth.  However,  reports  of  growth  on  shale-derived  DFM  have  not  been  found 
in  the  literature. 


IV.  GAS  TURBINE  COMBUSTION  PERFORMANCE 

For  gas  turbine  combustion,  the  fuel  properties  of  greatest  concern  are  the 
chemical  composition,  the  distillation  curve,  and  the  viscosity.  The  first 
property  is  generally  associated  with  flame  radiation  and  exhaust  smoke;  the 
latter  two  affect  atomization  and  vaporization,  and  therefore,  ignition, 
gaseous  emissions,  combustion  efficiency,  and  flame  stability.  Fuel-bound 
nitrogen  is  one  new  fuel  property  that  has  emerged  from  the  use  of  syncrude 
fuels,  primarily  shale  oil,  because  of  the  additional  NO^  found  in  the  ex¬ 
haust.  Synthetic  fuels  have  been  suspected  of  having  a  greater  propensity  to 
form  soot  because  of  the  higher  concentrations  of  polycyclic  compounds,  namely 
aromatics,  which  have  been  shown  in  some  instances  to  form  more  soot  than 
similar  fuels  containing  monocyclic  aromatics. 

In  this  work,  the  combustion  performances  of  shale-derived  JP-5  and  DFM  fuels 
have  been  compared  with  that  of  a  typical  petroleum  fuel  such  as  Jet  A. 
Combustion  performance  included  the  measurement  of  flame  radiation,  exhaust 
smoke,  gaseous  emissions  (CO,  exhaust  hydrocarbons,  NO^) ,  and  combustion 
ef  f iciency. 

A.  Experimental  Program 

The  experiments  were  conducted  in  the  gas  turbine  combustor  laboratory  at  the 
U.S.  Army  Fuels  and  Lubricants  Research  Laboratory.  This  facility  was  de¬ 
signed  specifically  for  fuels  research  in  gas  turbine  engines.  Basically,  the 
air  factory  can  deliver  unvitiated,  pulsation-free  air  at  a  rate  of  l.l  kg/sec 
at  pressures  up  to  15  atm  and  temperatures  as  high  as  827°C.  The  fuel  pump  is 
the  gear  type  from  an  Allison  T-63  engine  driven  by  an  SCR-control led  DC 
motor. 
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The  combustor  rig  is  based  on  hardware 
from  the  Allison  T-63  engine.  The 
burner  is  a  single-can  type  with  a 
dual  orifice,  pressure  atomizer  cen¬ 
tered  in  the  dome  as  shown  in  Figure 
8.  Ignition  is  by  a  surface-gap, 
repetitive-spark  igniter  located 
adjacent  to  the  atomizer. 


Radiation  from  the  primary  zone  is 
measured  by  a  water-cooled  bolo¬ 
meter-type  radiation  sensor  attached 
to  the  side  of  the  burner.  The  sensor 
has  a  sapphire  window  and  a  viewing 
angle  of  150  degrees.  At  the  exit  of 
the  burner  can  there  is  a  centerbody 
that  diverts  the  flow  into  an  annulus  where  nozzles  and  turbine  blades  are 
normally  located.  Gas  sampling  probes,  pressure  sensors,  and  thermocouples 
are  arranged  circumferentially  in  one  plane  of  the  annulus  at  various  radial 
positions. 

Table  13  presents  the  operating  conditions  which  represent  the  air  flow  rates 
in  the  actual  engine  for  the  six  different  power  points  (idle  to  full  power) 
investigated. 

B.  Data  Acquisition  System 

The  heart  of  the  data  acquisition  system  is  a  programmable  calculator  which  is 
coupled  to  a  scanner  and  digital  voltmeter  to  automatically  acquire  data  and 
process  it.  Operating  conditions  are  then  printed  out  for  monitoring  on  a 
thermal  line  printer  with  an  update  about  every  ten  seconds.  The  flow  rates 
of  the  combustor  air  and  fuel  are  measured  with  turbine  flowmeters.  All  pres¬ 
sures  are  sensed  with  strain-gauge  transducers  activated  by  regulated  power 
supplies.  Chromel  alumel  thermocouples,  referenced  to  a  66°C  regulated  oven, 
are  used  for  temperature  measurement.  A  summary  report  of  the  test  conditions 


FIGURE  8.  FLAME  RADIATION 
MEASUREMENT 
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TABLE  13.  T-63  COMBUSTOR  RIG  OPERATING  CONDITIONS 


Percent 

Mode 

Power 

BIP,  kpa 

BIT,  0 

K  0)  ,  kg/s 

wf,  kg/m 

F/A 

Ground  Idle 

10 

230 

422 

0.64 

0.42 

0.0109 

— 

25 

283 

452 

0.75 

0.54 

0.0121 

Descent 

40 

329 

478 

0.86 

0.68 

0.0131 

Cruise 

55 

369 

294 

0.93 

0.93 

0.0145 

Climb/Hover 

75 

418 

518 

1.02 

1.01 

0.0166 

Takeoff 

100 

477 

547 

1.10 

1.30 

0.0198 

BIP:  Burner  inlet  air 

pressure 

co  : 

Air  flow  rate 

BIT:  Burner  inlet  air 

temperature 

0)  r: 

Fuel  flow  rate 

F/A:  Fuel/air 

rat  io 

is  printed  at 

the  end 

of  each  run 

which  includes  averages 

and  standard  devia 

tions  of  the 

air  and 

fuel  flow 

parameters,  exhaust  temperature 

profiles 

exhaust  emissions,  and  combustion  efficiency. 


C .  Exhaust  Gas  Analysis 

Exhaust  emissions  were  measured  on-line  with  a  non-dispersive  infrared  analy¬ 
zer  for  CO  and  CO^,  a  flame  ionization  detector  hydrocarbon  analyzer,  a  chem¬ 
iluminescence  analyzer  for  NO^,  and  a  field  oxygen  analyzer.  The  SAE  ARP-1179 
method  was  used  for  measuring  exhaust  smoke.  The  correlation  of  Troth  et  al. 
was  used  to  convert  smoke  number  to  particulate  concentration(lO).  Combustion 
efficiencies  were  calculated  from  the  exhaust  gas  analysis  according  to  a 
relationship  developed  by  Hardin(ll). 

D.  Results  and  Discussions 

A  tabulation  of  the  combustion  performance  data  for  shale-derived  JP-5  (fuel 
1)  and  DFM  (fuel  2)  compared  to  a  petroleum  Jet  A  (fuel  0)  is  given  in  Table 
14.  In  general,  the  combustion  properties  of  synthetic  JP-5  and  DFM  are  not 
significantly  different  from  the  respective  petroleum-derived  fuels.  Figures 
9  through  12  show  the  effect  of  operating  conditions  on  combustion  efficiency 
and  gaseous  emissions  (CO,  total  exhaust  hydrocarbons,  and  N0^).  Combustion 
efficiency  increases  as  power  is  increased;  significant  differences  due  to 
fuel  property  effects  are  observed  onlv  at  the  lower  power  points  where  fuel 
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vaporization  and  mixing  are  poor.  Jet  A  and  JP-5  have  similar  viscosities  and 
boiling  point  distributions,  so  it  is  expected  that  they  would  have  about  the 
same  combustion  efficiencies.  DFM  is  expected  to  burn  less  efficiently  be¬ 
cause  it  is  a  higher  boiling  point  fraction  with  a  greater  viscosity. 


TABLE  14.  SUMMARY  OF  EXPERIMENTAL  RESULTS 


Power 

Fuel 

Fuel 

Flame 

Smoke 

Smoke 

NO 

X 

CO 

UBH 

Combustion 

Point 

No. 

Type 

Radia. 

No. 

mg/M3 

E.I. 

E.I. 

E.I. 

Ef  f iciency 

100 

0 

Jet  A 

42.  a 

28.9 

4.3 

7.2 

9.5 

0.2 

99.79 

100 

1 

JP-5 

59.7 

48.7 

13.2 

7.2 

9.1 

0.4 

99.78 

100 

2 

DFM 

60.1 

45.2 

10.8 

6.7 

13.8 

0.4 

99.67 

75 

0 

Jet  A 

37.0 

32.1 

5.1 

5.5 

30.3 

2.0 

99.31 

75 

1 

JP-5 

48.9 

38.1 

7.1 

5.7 

30.8 

1.9 

99.28 

75 

2 

DFM 

50.7 

41.0 

8.46 

4.7 

34.3 

2.9 

99.13 

55 

0 

Jet  A 

31.9 

15.8 

1.8 

4.7 

48.3 

7.1 

98.64 

55 

1 

JP-5 

43.7 

19.7 

2.4 

4.6 

47.7 

7.3 

98.59 

55 

2 

DFM 

48.1 

22.6 

2.9 

4.3 

50.1 

7.0 

98.54 

40 

0 

Jet  A 

26.7 

12.0 

1.3 

4.7 

59.6 

11.7 

98.14 

40 

1 

JP-5 

37.4 

25.2 

3.4 

4.7 

59.9 

13.3 

97.97 

40 

2 

DFM 

43.2 

27.9 

4.0 

4.7 

65.4 

12.5 

97.91 

25 

0 

Jet  A 

23.3 

11.7 

1.27 

3.1 

82.3 

35.9 

95.57 

25 

1 

JP-5 

30.0 

21.2 

2.6 

3.6 

75.8 

30.7 

96.13 

25 

2 

DFM 

39.2 

29.9 

4.5 

3.3 

102.3 

33.7 

95.35 

10 

0 

Jet  A 

17.8 

7.9 

0.84 

1.3 

113.6 

71.5 

92.37 

10 

1 

JP-5 

26.2 

17.7 

2.06 

3.3 

107.9 

82.9 

91.52 

10 

2 

DFM 

31.9 

23.2 

3.0 

3.1 

118.0 

69.0 

92.42 

Combustion  inefficiency  is  determined  by  the  amounts  of  carbon  monoxide  and 
unburned  hydrocarbons  in  the  exhaust.  Figure  10  shows  that  the  DFM  gives 
slightly  higher  CO  emissions  than  the  Jet  A  and  JP-5.  Interestingly,  the 
unburned  hydrocarbon  emissions  shown  in  Figure  11  are  about  the  same  for  both 
test  fuels  and  Jet  A.  In  fact,  the  DFM  gives  somewhat  lower  emissions,  which 
is  contrary  to  its  higher  viscosity  and  boiling  point  fractions.  This  appears 
to  be  caused  by  the  nature  of  the  combustion  process  in  the  T-63  burner.  The 
rate  of  burning  appears  to  be  limited  more  by  the  mixing  of  fuel  with  air  than 
by  fuel  vaporization. 


The  NO  emissions  shown  in  Figure  12  were  essentially  the  same  for  both  shale 
fuels  and  Jet  A  at  all  the  operating  conditions.  If  the  shale  fuels  had 
contained  fuel-bound  nitrogen,  there  would  have  been  an  increase  in  the  NO 
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FLAME  RADIATION  INDEX 


emissions  index.  Thermal  NO^,  formed  by  the  oxidation  of  nitrogen  (Zeldovich 
reaction),  depends  on  the  peak  flame  temperature  and  the  residence  time  of  hot 
gases  in  the  combustor.  Fuel  properties,  such  as  heat  of  combustion  and  heat 
of  vaporization  which  affect  flame  temperature,  would  change  the  rate  of  NO 
format  ion. 

Soot  formation  in  gas  turbine  engines  is  detected  as  exhaust  smoke  and  in¬ 
creased  combustion  chamber  liner  temperature,  i.e.,  radiant  heat  transfer  from 
incandescent  carbon  particles.  The  flame  radiation  intensity  increases  as  the 
flame  temperature  and  the  soot  concentration  increase.  Exhaust  smoke  is  what 
remains  after  about  98  percent  of  the  soot  is  oxidized  in  the  secondary  and 
quench  zones  of  the  combustor  (  12) ;  these  oxidation  rates  are  dependent  on 
combustor  operating  conditions,  such  as  burner  inlet  air  temperature,  and  do 
not  appear  to  be  affected  by  fuel  properties. 


Several  studies  ( _1_3  through  17)  have  shown  that  soot  formation  correlates 
strongly  with  the  H/C  ratio  or  hydrogen  content  of  the  fuel.  The  H/C  ratio 
has  been  found  to  be  a  good  correlating  parameter  for  synthetic  fuels,  water/ 
fuel  emulsions,  alcohol/fuel  blends,  and  microemulsions.  Figures  13  and  14 
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FIGURE  13.  CORRELATION  OF  FLAME 
RADIATION  WITH  HYDROGEN  CONTENT 


FIGURE  14.  CORRELATION  OF  EXHAUST 
SMOKE  WITH  HYDROGEN  CONTENT 


show  correlations  of  hydrogen  content  with  flame  radiation  and  exhaust  smoke. 
The  correlations  only  include  data  for  the  full  power  operating  condition.  At 
this  condition,  the  tendency  to  form  soot  is  the  greatest  and  the  combustion 
efficiency  is  very  high  (  >99.52).  The  actual  curves  are  based  on  earlier 
data  obtained  from  petroleum-derived  fuels.  The  radiation  and  smoke  indices 
are  relative  values  which  correspond  to  the  quotient  of  the  observed  and 
reference  (Jet  A)  values.  The  flame  radiation  and  exhaust  smoke  indices  for 
the  JP-5  shale  oil-derived  fuel  deviate  somewhat  from  the  petroleum  fuel 
correlations,  but  the  DFM  fuel  is  in  good  agreement.  It  has  been  found  in 
earlier  studies  that  synthetic  fuels  from  tar  sands,  shale  oil,  and  coal 
correlate  with  hydrogen  content  in  the  same  way  as  petroleum-based 
f uels ( 15 , 16) . 


V.  DIESEL  ENGINE  PERFORMANCE 

Engine  tests  were  conducted  to  determine  if  the  maximum  power  output  and 
specific  fuel  consumption  obtained  with  the  shale-derived  JP-5  and  DFM  were 
comparable  to  that  obtainable  with  similar  petroleum-derived  products.  The 
method  of  analysis  chosen  was  to  compare  the  engine  results  obtained  with 
these  fuels  to  those  of  a  reference  petroleum  diesel  fuel.  Any  differences  in 
performance  which  could  not  be  explained  by  differences  in  fuel  properties 
would  indicate  possible  influences  resulting  from  the  shale  fuel  source. 

Three  diesel  engines  were  used  during  maximum  power  output  and  specific  fuel 
consumption  testing;  the  militarized  version  of  the  Detroit  Diesel  6V-53T,  the 
military  developed  LDT-465-1C,  and  a  single  cylinder  from  the  Teledyne-Conti- 
nental  AVDS-1790  air-cooled  diesel  mounted  on  a  CUE  crankcase.  A  commercially 
configured  Detroit  Diesel  3-53  diesel  engine  was  operated  for  210  hours  with 
the  shale-derived  DFM  according  to  the  Army/CRC  wheeled-vehicle  endurance 
cycle  to  evaluate  the  wear  and  deposit  formation  tendencies  of  this  fuel. 

The  engines  used  in  these  evaluations  represent  critical  and  widespread  en¬ 
gines  in  the  military  tactical  fleet.  Their  characteristics  are  shown  in 
Table  15.  The  LDT-465-1C  multifuel  engine  is  one  model  of  the  highest  density 
engine  design  in  the  military  fleet.  The  Detroit  Diesel  6V-53T  engine  is 
considered  to  be  one  of  the  more  fuel  sensitive  versions  of  this  two-cycle 
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TABLE  15.  TEST  ENGINE  CHARACTERISTICS 
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injector  injector  5337A3  with 

ABD-355-124-7  nozzles 

* Single  cylinder  from  Teledyne-Continental  AVDS-1790-2D  engine  adapted  to  a  CUE  crankcase  by  others 


diesel  family  in  the  combat  fleet.  This  particular  engine  powers  the  M551 
tank  and  the  M113  family  of  armored  carriers.  The  air-cooled  AVDS-1790  engine 
is  used  in  the  M60  main  battle  tank  and  is  vitally  important  to  the  military. 
The  Detroit  Diesel  3-53  powers  the  M561  l^sT  vehicle  and  was  used  to  reduce  the 
fuel  consumed  in  testing,  while  still  giving  insight  into  the  performances  of 
these  fuels  in  this  family  of  military  two-cycle  diesel  engines. 


The  test  engines  were  assembled  to  the  manufacturers'  specifications  and 
mounted  on  appropriate  dynamometer  test  stands.  After  calibration  of  the 
instrumentation,  the  engines  were  alternately  operated  on  the  test  fuels  and  a 
petroleum-derived  reference  fuel.  The  properties  of  this  reference  fuel  are 
given  in  Table  16.  This  reference  fuel  was  not  intended  to  represent  anything 


TABLE  16.  PROPERTIES  OF  REFERENCE  1G/1H  DIESEL  FUEL 


Gravity,  °API 

Density  at  15.6°C,  g/ml 

Flash  Point,  °C 

Kin.  Viscosity  at  38.7°C,  cSt 

Carbon  Residue  on  10% 

Bottoms,  wt% 

Sulfur,  wt% 

Cu  Strip  Corrosion, 

3  hr  at  50°C 
Neutralization  Number, 
mg  KOH/g 

Aromatics,  wt%  (HPLC) 

Heat  of  Combustion,  net,  Mj/kg 
Cetane  Number 
Existent  Gum,  mg/100  ml 
Distillation,  °C 
IBP 
10% 

50% 

90% 

EP 

%  Recovered 
%  Residue 
%  Loss 


ASTM 

Method  Values 


D 

287 

34.4 

D 

287 

0.853 

D 

93 

80 

D 

445 

3.21 

D 

524 

0.14 

D 

1266 

0.399 

D 

130 

la 

D 

974 

0.03 

28 

D 

240 

42.16 

D 

613 

53 

D 

381 

0 

D 

86 

194 

241 

272 

316 

355 

99 

1 

0 


other  than  a  typical  diesel  fuel  and  was  chosen  because  of  the  control  on 
property  repeatability  that  resulted  from  its  use  as  the  standard  fuel  for  the 
1G/1H  oil  qualification  tests.  The  data  generated  are  reported  as  observed 
rather  than  corrected  for  ambient  conditions,  and  comparisons  to  the  reference 
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OBS  HORSEPOWER 


diesel  fuel  are  made  only  to  the  bracketing  data  points.  The  resulting  per¬ 
formance  data  are  the  power  produced  at  full  rack  (maximum  fuel  flow)  condi¬ 
tions  and  specific  fuel  consumption  at  a  fixed  power  output.  The  specific 
fuel  consumption  is  expressed  as  volumetric  consumption,  although  the  con¬ 
sumption  was  measured  gravimetrically.  The  volumetric  fuel  consumption  at 
constant  power  is  an  indicator  of  changes  in  miles  per  gallon  over  a  fixed 
operating  cycle  and  is  thus  an  indicator  of  the  additional  demands  that  might 
be  made  of  the  fuel  supply  logistics  system  due  to  changes  in  fuel  composi¬ 
tion. 


A  210-hour  extended  duration  test  was  conducted  using  shale-derived  DFM  in  a 
Detroit  Diesel  3-53  two-cycle  engine,  a  member  of  the  same  design  family  as 
the  6V-53T.  However,  this  three-cylinder  engine  was  naturally  aspirated  and 
configured  for  military  use  in  the  M561  IhT  military  truck. 


Detroit  Diesel  6V-53T  Engine 


The  use  of  shale  JP-5  in  the  DD6V-53T  engine  resulted  in  a  6.0  percent  average 
loss  in  maximum  power  output  compared  to  the  reference  diesel  fuel,  Table  17 
and  Figure  15.  This  result  was  close  to  the  6.5  percent  power  loss  observed 

in  the  same  engine  with  petro¬ 
leum-derived  JP-5  (  18)  during 
earlier  test  work.  Of  this  6 
percent  loss,  4  percent  can  be 
attributed  to  the  differences  in 
the  net  heat  of  combustion  of 
the  two  fuels.  Another  source 
of  maximum  power  change  is  leak¬ 
age  of  fuel  in  the  injection 
system.  This  fuel  leakage  is 


FIGURE  15.  MAXIMUM  POWER  IN 
DETROIT  DIESEL  6V-53T 


inversely  proportional  to  the  fuel  viscosity  and  effectively  reduces  the 
fuel  delivery  rate  at  fixed  rack  conditions.  This  factor  accounts  for  the  2 
percent  additional  power  loss  observed  with  the  shale  JP-5. 


This  same  type  of  discussion  can  be  applied  to  the  results  obtained  with  the 
shale  DFM  fuel.  However,  the  differences  in  maximum  power  observed  between 
this  fuel  and  the  reference  DF-2  fuel  were  so  small  that  similar  differences 
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TABLE  17.  PERCENT  CHANGE  IN  OBSERVED  HORSEPOWER  IN  DETROIT  DIESEL  6V-53T 


Engine  Speed 


From  DF-2  to  DFM 


From  DF-2  to  .IP-5 


1800 

-0.8 

2000 

-1.4 

2200 

-1.8 

2400 

-1.8 

2600 

-1.5 

2800 

-2.4 

Average 

-1.7  ±  0.5 

-3. A 
-5.  1 
-5.3 
-6.2 
-7.3 
-8.4 


in  power  output  would  be  expected  to  occur  between  fuels  which  met  the  DF-2 
specifications.  This  less  than  2  percent  loss  in  maximum  power  would  not  be 
expected  to  be  observable  under  most  field  conditions. 


The  change  in  volumetric  fuel  consumption  at  constant  power  levels  was  also 
measured  with  these  two  shale-derived  fuels.  These  data,  Table  18,  are  ex- 


TABLE  18.  PERCENT  CHANGE  IN  VOLUMETRIC  FUEL  CONSUMPTION  IN  DETROIT  DIESEL 
6V-53T  BSVC  (Gal/BHP-hr) ,  Observed  at  100  psi  BMEP 


Engine  Speed 


From  DF-2  to  DFM 


From  DF-2  to  JP-5 


1800 

1.5 

2000 

1.5 

2200 

1.1 

2400 

1.1 

2600 

1.2 

2800 

0.9 

Average 

1.2  ± 

5.8 
4.2 

3.8 
5.5 

5.5 

6.6 


pressed  as  brake  specific  volumetric  consumption  (BSVC)  with  units  ot  volume 
consumption  rate  per  unit  of  work  and  is  an  indicator  of  the  relative  fuel 
consumption  (as  miles  per  gallon)  that  would  result  from  a  fixed  vehicle  mis¬ 
sion.  These  data  Indicate  that  changing  from  the  reference  diesel  fuel  to  the 
shale  JP-5  resulted  in  a  5.2  percent  average  increase  in  BSVC  while  use  of  the 
shale-derived  DFM  increased  BSVC  by  1.2  percent.  In  this  mode  of  operation, 
injection  system  leakage  is  not  a  factor  and  only  the  change  in  heat  content 
of  the  delivered  fuel  must  be  accounted  for.  Within  the  limits  of  test  re¬ 
peatability  and  measurement  accuracy,  the  differences  in  heating  value  between 
the  fuels  are  sufficient  to  explain  the  measured  differences  in  engine  perfor¬ 
mance. 
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B. 


CUE- 1790 


The  CUE-1790  is  a  cylinder  assembly  from  the  Teledyne-Continental  AVDS-1790-2D 
air-cooled  diesel  engine  mounted  on  a  CUE  crankcase.  The  elimination  of 
eleven  cylinders  necessitated  the  use  of  something  other  than  the  standard 
fuel  injection  system;  therefore,  American  Bosch  APE  1BB-1200X4962A  injection 
pump  was  adapted  to  this  engine  when  it  was  originally  built.  This  change  in 
the  fuel  injection  system  means  that  any  changes  observed  in  power  or  fuel 
consumption  when  using  these  fuels  in  t lie  CUE- 1790  canno t  be  taken  to  imply 
that  similar  results  will  be  obtained  in  the  AVDS-1790-2D  engine. 

Since  the  original  twelve-cylinder  engine  is  turbocharged,  this  cylinder 
assembly  is  supplied  with  intake  air  at  elevated  temperature  and  pressure  to 
simulate  such  operations.  Also,  a  valve  is  installed  in  the  exhaust  duct  and 
the  engine  back  pressure  is  controlled  to  the  conditions  encountered  during 
turbocharging.  Because  of  the  differences  in  engine  friction  and  in  the  fuel 
injection  system,  fuel  rates  equivalent  to  the  AVDS-1790-2C  engine  were  used 
tn  establish  the  full  rack  performance  level. 

The  CUE-1790  engine  testing  was  conducted  at  four  conditions  listed  in  Table 
19,  where  the  fuel  consumption  with  reference  diesel  fuel  was  used  to  esta- 


TABLE  19. 

CUE-1790  OPERATING  CONDITIONS 

Speed,  rpm 

1800 

2000 

2200 

2400 

Fuel  Consumption,  kg/hr 

8.53 

9.62 

10.66 

11.52 

Intake  Air  Temp.,  °C 

87 

98 

108 

116 

Intake  Air  Pressure,  kPa 

162 

182 

192 

209 

Exhaust  Pressure,  kPa 

132 

145 

159 

172 

Cooling  Air,  AP,  kPa 

1.5 

1.7 

2.0 

2.5 

OIL  Temperature,  °C 

Injection  Timing  at  Ignition, 

77 

77 

77 

77 

°BTDC 

Injection  Timing  at  Pump, 

23.8 

25.7 

25 

24.4 

°BTDC 

36 

38 

38 

38 

blish  a  fixed  rack  setting  for  evaluating 

changes  In 

maximum  power 

with  the 

test  fuels.  The  diesel  fuel 

power  output 

level  at 

this  condition 

was  also 

used  for  the  constant  power  fuel  consumption  evaluations. 
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The  power  results  thus  obtained.  Figure  16  and  Table  20,  do  not  agree  as 
closely  with  the  values  estimated  from  the  change  in  fuel  heating  value  and 
differences  in  fixed  rack  fuel 
delivery  as  the  data  from  the  DD 
6V-53T  engine  discussed  previous¬ 
ly.  Based  on  heating  value  calcu¬ 
lations,  the  shale-derived  JP-5 
was  expected  to  cause  a  4  percent 
power  loss  while  the  shale-derived 
DFM  would  be  expected  to  cause  no 

distinguishable  change.  FIGURE  16.  POWER  AT  CONSTANT 

RACK  IN  CUE- 1790 


TABLE  20.  PERCENT  CHANGE  IN  OBSERVED  POWER  IN  CUE-1790 


Engine  Speed,  rpm 

1800 
2000 
2200 
2400 
Average 
Std  Dev 


From  DF-2  to  DF-M 

+  2.7 
+  1.4 
+  3.7 
+  1.8 
+2.4 
1.0 


From  DF-2  to  JP-5 

-2.9 

-4.6 

-1.1 

-2.3 

-2.7 

1.5 


Similar  results  were  obtained  when  evaluating  the  volumetric  fuel  consumption 
at  constant  power.  Table  21.  The  corresponding  calculated  change  in  BSVC 
based  on  changes  in  the  fuel  heating  value  indicate  a  1  percent  increase  with 
DFM  and  a  4  percent  increase  with  the  JP-5.  While  the  JP-5  results  agreed 
closely  with  the  anticipated  values,  the  measured  BSVC  with  the  shale  DFM 
showed  a  slight  improvement  relative  to  the  calculated  results. 


TABLE  21. 

Engine  Speed,  rpm 

1800 
2000 
2200 
2400 
Average 
Std  Dev 


PERCENT  CHANGE  IN  BSVC  IN 

From  DF-2  to  DFM 

-1.1 

-1.4 

-3.0 

-2.9 

-2.1 

1.0 


CUE- 1790 

From  DF-2  to  JP-5 

7.0 

0.3 

1.8 

3.8 
3.2 

2.9 


i 


1 
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C.  LDT-465-1C 

The  LDT-465-1C  is  one  member  of  a  family  of  multifuel  engines  developed  by  the 
military.  These  engines  use  the  M.A.N.  combustion  chamber  design  to  obtain 
improved  fuel  tolerance  and  have  a  fuel  injection  system  which  adjusts  the 
full  rack  fuel  delivery  as  a  function  of  fuel  viscosity.  As  a  result  of  these 
and  other  components,  these  engines  can  be  operated  on  a  variety  of  fuels 
ranging  from  low-octane  gasolines  through  distillate  fuels.  These  engines 
will  typically  start  and  operate  with  fuel  cetane  quality  as  low  as  20  without 
loss  in  maximum  power  output. 

Due  to  fuel  limitations,  the  shale-derived  JP-5  was  not  evaluated  sufficiently 
in  this  engine  and  only  the  results  obtained  with  the  shale  DFM  will  be  dis¬ 
cussed  here.  The  data  in  Table  22  show  that  as  expected  from  the  design, 
there  was  no  appreciable  difference  in  the  maximum  power  produced  with  the 
shale  DFM  and  the  reference  IG/1H.  The  difference  in  volumetric  heating  value 
between  the  two  fuels  was  reflected  only  as  a  difference  in  volumetric  fuel 
consumption,  where  the  shale  DFM  exhibited  a  1.3  percent  increase  in  BSVC. 

TABLE  22.  PERCENT  CHANGE  IN  OBSERVED  POWER  AND  BSVC  IN  LDT-465-1C 

(From  1C/1H  Fuel  to  DFM) 

_ Change  in  BSVC,  % _ 

Engine  Speed,  rpm  Change  in  Max  Power,  %  Full  Power 3/4  of  Full  Power 

1600  -1.9  +1.3  +0.8 

2100  -0.6  -0.1  +1.8 

2600  +0.4  +1.0  +2.7 

Avg  Power  Change  =  -0.7% 

Avg  BSVC  Change  =  +1.3% 


D.  210-Hour  Test  in  Detroit  Diesel  3-53  Engine 

A  210-hour  endurance  test  was  conducted  according  to  the  Army/CRC  wheeled- 
vehicle  operating  cycle  using  the  Detroit  Diesel  3-53  two-cycle  engine.  The 
shale-derived  DFM  was  used  as  the  fuel,  and  REO-203  was  selected  as  the  lubri¬ 
cant.  A  summary  of  the  test  results  is  included  as  Appendix  D.  There  was  no 
power  loss  during  the  test  nor  did  after-test  inspections  reveal  any  evidence 
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of  distress  or  impending  component  failure.  The  piston  deposits  and  component 
wear  were  acceptable.  There  were  no  indications  of  fuel  incompatibility  or 
other  fuel-related  problems. 

A  similar  210-hour  test  utilizing  a  petroleum-derived  diesel  fuel  (  19)  pro¬ 
vided  a  basis  for  evaluating  the  shale  fuel  results.  Averaged  over  the  dur¬ 
ation  of  the  tests,  and  accounting  for  the  less  than  1  percent  difference  in 
net  heat  of  combustion,  the  two  fuels  were  identical  in  terms  of  power  output 
at  fixed  fuel  rate  and  engine  thermal  efficiency.  The  endurance  test  results 

with  the  shale-derived  DFM  are  indistinguishable  from  those  obtainable  with 

conventional  petroleum-derived  diesel  fuel  with  similar  properties. 

VI.  CONCLUSIONS  AND  RECOMMENDATIONS 

The  analyses  and  evaluation  of  the  Paraho-II  fuels  in  the  chemical  laboratory 
and  in  performance  tests  lead  to  the  following  conclusions: 

•  The  JP-8  fuel  met  all  the  requirements  for  Military  Specification  MIL- 

T-83133G,  Turbine  Fuel,  Aviation,  Kerosene  Type,  Grade  JP-8. 

•  The  JP-5  fuel  met  all  the  requirements  for  Military  Specif ication  MIL- 

T-5624L,  Turbine  Fuel,  Aviation,  Grade  JP-5,  with  exception  of  the  re¬ 
quirement  of  the  copper  corrosion  test  and  smoke  point. 

•  The  DFM  fuel  met  all  the  requirements  of  Military  Specification  MIL- 

16884G,  Amendment  I,  Fuel  Oil,  Diesel,  Marine,  with  the  exception  of  the 
requirement  for  cloud  point. 

•  Investigation  of  the  compatibility  of  Paraho-II  fuels,  JP-5,  and  DFM, 
with  petroleum-based  fuels  resulted  in  no  incompatibility  under  the 
conditions  studied. 

•  Storage  tests  at  80°C  indicated  that  both  JP-5  and  DFM  produced  from  the 
Paraho-II  shale  oil  are  relatively  unstable  at  this  temperature  compared 
to  petroleum-based  fuels. 
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•  Paraho-Tl  shale-derived  fuels  responded  to  treatment  with  cetane  improver 
additive  similarly  to  a  petroleum-based  fuel. 

•  The  -IP-5  and  DFM  shale  fuels  performed  poorly  with  respect  to  protecting 
a  steel  surface  against  corrosion,  as  indicated  by  the  NACE  corrosion 
test.  A  commercial  additive  package  containing  a  corrosion  inhibitor, 
improved  this  performance  parameter  only  incrementally. 

•  Microbiological  growth  susceptibility  investigations  resulted  in  heavy 
growth  of  Cladosporium  resinae  in  the  shale  fuels  between  the  second  and 
third  month  of  incubation. 

Gas  turbine  combustion  performance  evaluation  of  the  shale-derived  JP-5  and 

DFM  fuels  resulted  in  the  following  conclusions: 

•  The  combustion  performance  characteristics  of  the  syncrude  JP-5  and  DFM 
test  fuels  did  not  deviate  significantly  from  the  petroleum-derived  Jet  A 
reference  fuel. 

•  Slight  differences  in  combustion  efficiency  were  observed  at  the  lower 
power  points;  DFM  burned  with  somewhat  lower  efficiency  than  JP-5  and  the 
reference  fuel,  Jet  A. 

•  The  carbon  monoxide  emissions  followed  the  same  trend  as  combustion 
efficiency.  At  the  lower  power  points,  DFM  showed  slightly  higher  CO 
than  JP-5  and  Jet  A. 

•  There  were  no  fuel  property  effects  on  the  emissions  of  unburned  hydro¬ 
carbons  and  NO  . 

x 

•  The  flame  radiation  and  exhaust  smoke  levels  for  the  synfuels  were  higher 
than  those  of  Jet  A.  This  is  attributed  to  differences  in  hydrogen 
content.  The  DFM  fuel  correlated  with  hydrogen  content  in  the  same  way 
as  petroleum-derived  fuels;  JP-5  from  shale  oil  gave  higher  than  expected 
radiation  and  smoke. 


From  the  evaluation  of  Paraho-II  JP-5  and  DFM  in  diesel  engines,  the  following 

conclusions  were  deduced: 

•  The  shale  JP-5  in  the  DD6V-53T  engine  showed  a  6  percent  average  loss  in 
maximum  power  output  when  compared  to  the  reference  diesel  fuel..  This 
approximates  the  6.5  percent  power  loss  observed  in  the  same  engine  with 
petroleum-derived  JP-5. 

•  Only  slight  differences  in  maximum  power  output  were  observed  between  the 
shale  DFM  and  petroleum  DF-2. 

•  The  shale-derived  JP-5  and  DFM  performed  in  the  CUE-1790  engine  as  might 
be  expected  from  the  similar  petroleum-derived  fuels.  There  was  a  slight 
improvement  in  BSVC  with  the  DFM  which  within  the  context  of  the  other 
test  results  appears  to  be  an  anomaly. 

•  Evaluation  of  DFM  from  shale  in  the  LDT-465-1C  engine  resulted  in  no 
difference  between  the  maximum  power  produced  by  this  fuel  and  that  of  a 
petroleum  No.  2  dl'sel  fuel;  however,  a  difference  in  volumetric  fuel 
consumption  observed  was  attributed  to  the  difference  In  volumetric 
heating  values  between  the  two  fuels. 

•  The  results  from  the  210-hour  test  in  the  DD  3-53  engine  are  indistin¬ 
guishable  from  those  that  may  result  from  tests  with  conventional  petro¬ 
leum-derived  diesel  fuel  with  similar  properties. 

The  results  of  the  program  suggest  that  additional  work  should  be  conducted  in 

certain  areas;  thus,  it  is  recommended  that: 

•  The  Paraho-II  shale  fuels  should  be  further  evaluated  for  additive  re¬ 
sponse  to  corrosion  inhibitors. 

•  Other  finished  synthetic  fuels,  shale-  or  coal-derived,  that  may  become 
available  in  adequate  quantities  should  be  evaluated  extensively  as  these 
fuels  have  been. 
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APPENDIX  A 

STORAGE  STABILITY  TEST  AT  43°C 
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Summary 


The  storage  stability  test  at  43°C  is  intended  to  accelerate  the  deterioration 
process  that  may  occur  in  fuels  stored  for  periods  of  one  year  and  over.  The 
storage  stability  characteristics  of  fuels  can  be  estimated  by  this  technique. 

ALiquots  of  test  fuels  are  placed  in  a  series  of  clean  li^er  or  other  size 
bottles  which  are  then  placed  in  storage  at  43°  ±  3°C.  After  4,  8,  16,  and  32 
weeks,  pairs  of  bottles  are  removed  from  storage,  filtered  for  determination 
of  precipitate  formed  during  storage;  the  bottles  are  rinsed  with  triple 
solvent  and  the  insoluble  or  adherent  gum  is  measured;  and  the  filtered  fuel 
is  measured  for  existent  gum. 

Cleaning  the  Storage  Bottles 

1.  Scrub  with  a  detergent  solution  and  rinse  with  water. 

2.  Fill  the  bottle  about  half  full  with  chromic  acid  cleaning  solution,  roll 
the  bottle  for  complete  contact  of  acid  with  the  inner  surface,  pour  out 
the  acid,  and  allow  the  bottle  to  stand  for  at  least  1  hour. 

3.  Rinse  with  tapwater,  then  invert  and  flush  with  a  stream  of  distilled 
water. 

4.  AlLow  the  bottle  to  drain.  Dry  overnight  in  a  150°C  oven. 

Aging  at  43°C 

Filter  the  fuel  through  a  membrane  filter  having  0.45-micron  pore  size  to 
remove  particles.  Place  280  ml  of  fuel  in  each  of  ten  32  oz  (946  ml),  screw 
cap,  amber  bottles.  Seal  with  screw  caps  lined  with  Teflon.  Store  in  the 
dark  at  a  constant  temperature  of  43°C.  After  each  storage  interval — 4,  8, 
16,  and  32  weeks  from  the  beginning  of  storage — remove  two  samples  and  analyze 
for  gum.  Use  two  samples  as  "floaters"  for  additional  analysis  at  unscheduled 
times.  Every  four  weeks,  during  the  storage,  replenish  the  oxygen  in  the 
vapor  space.  To  do  this,  remove  ail  bottles,  cool,  aerate,  and  return  to 
storage. 
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Aerating  Storage  Samples 


1.  Remove  the  sample  from  43°C  storage  and  cool  to  0-4.5°  overnight. 

2.  Remove  the  bottle  caps  for  five  minutes. 

3.  Recap  the  sample;  when  the  sample  has  warmed  to  room  temperature,  return 
it  to  43°C  storage. 


Analyzing  Storage  Samples 

The  fuel-insoluble  gum  and  the  precipitate  are  separated  from  the  fuel  by 
filtration.  Soluble  gum  is  determined  on  the  filtered  fuel  as  is  "unwashed" 
gum  by  ASTM  Method  D  381.  Insoluble  gum  is  dissolved  in  organic  solvents  and 
weighed  after  evaporation  of  solvent.  Precipitate  is  determined  by  weighing 
the  filter. 


Materials  and  Apparatus 

Glass  reservoir,  with  air  pressure  connection  and  an  approximately  9-mm- 
OD  delivery  tube. 

Size  9  neoprene  stopper,  bored  to  accept  delivery  tube. 

Gooch  low-form  filtering  crucible:  Pyrex,  fritted  disk,  30  ml,  fine 

po  ros ity. 

Crucible  holder. 

Eight  ASTM  D  381  air-jet  gum  beakers. 

Two  graduated  bottles,  at  least  12  oz  (355  ml). 

Stirring  rod  with  policeman. 

Gum  solvent  (1:1:1  acetone-toluene-methanol). 
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n-Heptane 


D  381  gum  bath;  analytical  balance;  93°C  oven;  covered  container  for 
beakers  and  filter. 


Determining  Soluble  Gum 

Weigh  a  filtering  crucible  (hereafter  called  "filter")  and  eight  gum  beakers. 
Assemble  the  reservoir-stopper-filter-holder  arrangement  for  filtration,  as 
shown  in  Figure  A-l.  With  gentle  air  pressure,  pass  the  aged  fuel  from  bottle 
A  through  the  filter  and  collect  the  filtrate  in  a  graduated  bottle.  Set 
aside.  Pass  the  fuel  from  bottle  B  through  the  same  filter,  collecting  in  a 
separate  bottle.  Measure  two  50  ml  portions  of  the  filtrate  from  bottle  A, 
and  from  bottle  B  into  gum  beakers.  Determine  air-jet  gum  on  each  by  ASTM 
Method  D  381.  Average  the  results  and  report  as  soluble  gum,  in  mg/100  ml. 

Determining  Insoluble  Gum 

Place  n  container  beneath  the  filter.  Rinse  each  bottle  and  the  filter  free 
of  fuel  by  adding  three  successive  50-ml  portions  of  heptane  into  each  bottle 
by  gentling  swirling,  and  pass  rinsings  through  filter.  Discard  rinsings. 

Place  a  weighed  gum  beaker  beneath  the  filter.  Rinse  and  police  bottle  A  with 
15  ml  of  gum  solvent,  then  pass  the  solution  through  filter  into  beaker. 
Repeat  twice  with  15-  to  20-ml  portions  of  solvent  for  a  total  of  not  more 
than  50  ml  of  solution  in  gum  beaker. 

Piace  another  gum  beaker  beneath  filter  and  carry  out  the  gum  solvent  steps  on 
bottle  B. 

Evaporate  solvent  from  the  two  solutions  by  the  air-jet  method  described  in 
ASTM  D  381  and  weigh  the  residues. 

T  ,  ,  .  .  residue  A,  mg  +  residue  B,  mg 

Insoluble  gum,  mg/100  ml  =  - ’■  ° - ‘ - «• 

5.0 

This  number  represents  the  combined  filtered  volume  of  fuel  from  bottles  A 
and  B  divided  by  100.  If  the  total  volume  differs  from  560  ml,  this  denomi¬ 
nator  should  he  changed  accordingly. 
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To  obtain  total  gum,  add  the  insoluble  gum  and  soluble  gum  values. 

Determining  Precipitate 

To  determine  the  precipitate  collected  on  the  filter,  dry  the  filter  in  a  93°C 
oven  for  1  hour,  cool  at  least  2  hours,  and  weigh. 


Precipitate,  mg/100  ml  = 


precipitate,  mg 


0-5  psi  air  — -  1 


-29/42  §  Glass  joint 


^500-ml  reservoir 


.Neoprene  stopper 


Neoprene  filtering  cup- 


3 .--Fine  porosity  sintered 
glass  filtering  crucible 


100  -  ml  air  -  jet  beaker 
or  other  vessel - 


FIGURE  A-l.  FILTERING  ASSEMBLY 


appendix  b 

PROTON  NMR  SPECTRA 

Proton  NMR  spectra  measured  on 
90-MHz  NMR  Spectrophotometer, 
by  technique  described  by  Myers,  et  al. 
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FIGURE  B-3.  JP-5  AIRCRAFT  TJRjINE  FUEL 


B-4.  JP-5 


[RE  B-8.  FUEL- 


APPENDIX  C 


13C  NMR  SPECTRA 
13 

C  NMR  Spectra  measured  on  a  CFT-20, 
Fourier  Transform  NMR  instrument  operating 
at  20~MHz.  Method  4,  as  described  by 
Shoolery  and  Budde(8),  was  employed  for 
these  measurements. 


FIGURE  C-  2.  JP-8  AIRCRAFT  TURBINE  FUEL  FROM  SHALE  OIL  AFTER 
32  WEEKS  IN  43 °C  STORAGE 


-j(200)ppm  3000  2000  1000 

:  k 100)  ;  1500  1000  500 
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FIGURE  C-  3.  JP-5  AIRCRAFT  TURBINE  FUEL  FROM  SHALE  OIL 


FIGURE  C-  4.  JP-5  AIRCRAFT  TURBINE  FUEL  FROM  SHALE  OIL 
AFTER  32  WEEKS  IN  4  3’C  STORAGE 


2000  1000 


FIGURE  C-  5.  MARINE  DIESEL  FUEL  FROM  SHALE  OIL 


1000 


FIGURE  C-  6.  MARINE  DIESEL  FUEL  FROM  SHALE  OIL 
AFTER  32  WEEKS  IN  43°C  STORAGE 


APPENDIX  D 

ENGINE-FUEL  COMPATIBILITY  TEST 
210-HOUR  WHEELED-VEHICLE  CYCLE 
USING  3-53  DIESEL  ENGINE 
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ENGINE-FUEL  COMPATIBILITY  TEST 
210  HOUR  WHEELED  VEHICLE  CYCLE 
USING  3-53  DIESEL  ENGINE 


Test  Fuel:  Paraho  Shale  DFM,  AL-8437-F 
Test  Lubricant:  REO-203,  AL-8822-L 
Date  Completed:  21  April  1980 


Conducted  for 


U.S.  Army  Mobility  Equipment  Research  and  Development  Command 
Energy  and  Water  Resources  Laboratory 
Ft.  Belvoir,  Virginia 


by 


U.S.  Army  Fuel?  and  Lubricants  Research  Laboratory 
Southwest  Research  Institute 
San  Antonio,  Texas 


IKSCXDIftQ  PACK  BUMC-NOT  TllMSD 
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ENGINE  OPERATING  DATA  (AVG) 
SHALE  DF-M  TEST 


Engine  Speed,  rpm 
Load ,  lb 
Torque,  lb-ft 
BHp  obs 

Fuel  Rate,  lb/hr 
BMEP,  psi 
BSFC  lb/BHp-hr 
Temperatures,  °F 
Jacket  Coolant-In 
Jacket  Coolant-Out 
Oil  Sump 

Inlet  Air  (Blower) 
Exhaust  Manifold 
Fuel  @  Return 
Fuel  @  Filter 
Pressures 

Oil  Gallery,  psig 
Blower  Discharge,  psig 
Intake  Vacuum,  in.  H2O 
Crankcase,  in.  H2O 
Exhaust,  Common,  in.  Hg 
Transfer  Pump,  psig 
Oil  Consumption,  lb/hr 


Power 


Min 

Max 

Avg 

2790 

2814 

2801 

103 

112 

109 

180 

196 

191 

96 

105 

102 

42.6 

45.0 

44.0 

85 

93 

91 

.413 

.450 

.430 

194 

199 

197 

201 

205 

204 

242 

255 

253 

70 

104 

82 

920 

1015 

972 

134 

150 

140 

80 

101 

90 

44 

46 

45 

4.5 

5.0 

4.7 

6.5 

7.0 

6.9 

52 

66 

60 

1.9 

2.8 

2.3 

74 

76 

76 

0.25 

Idle 

(Avg) 

649 


97 

102 


i 
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AL-8822-L 
LUBRICANT  ANALYSES 
SHALE  DF-M  TEST 


Property 

K.  Vis,  cS,  40°C 

K.  Vis,  cS,  100°C 

VI 

TAN 

TBN 

Insolubles,  wt% 
Pentane  A 
Toluene  A 
Pentane  B 
Toluene  B 
API  Gravity,  0 
Pour  Point,  °C  (°F) 
Carbon  Residue,  wt % 
Sulfated  Ash,  wt% 
Elemental 
Ca,  wt% 

Zn,  wt% 

Cu,  ppm 
Cr,  ppm 
Pb,  ppm 
Fe,  ppm 


New 

70 

140 

210 

Method 

Oil 

Hrs 

Hrs 

Hrs 

D445 

104.6 

114.9 

124.0 

129.2 

D445 

11.8 

12.8 

13.5 

14.1 

D2270 

101 

104 

105 

107 

D664 

3.6 

3.35 

3.62 

3.68 

D2.896 

5.4 

2.82 

3.24 

2.82 

D893 

0.0 

ND 

ND 

0.06 

0.0 

ND 

ND 

0.05 

0.0 

ND 

ND 

0.95 

0.0 

ND 

ND 

0.84 

D287 

27.0 

27.0 

26.8 

26.3 

D92 

-21 (-6) 

-21(-6) 

-21(-6) 

-21 (-6) 

D524 

1.19 

1.68 

1.96 

2.27 

D874 

0.93 

1.15 

1.26 

1.34 

Method 

AA 

0.24 

0.31 

0.34 

0.36 

AA 

0.09 

0. 13 

0. 14 

0.15 

AA 

- 

3 

4 

4 

AA 

- 

<1 

<1 

<1 

AA 

- 

7 

7 

8 

AA 

- 

25 

42 

53 

ND  =  Not  Determined 
AA  =  Atomic  Absorption 
XRF  =  X-Ray  Fluorescence 
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DAILY  WEAR  METALS  BY  XRF 
SHALE  DF-M  TEST 


Test 

Iron 

Other  Wear 

Hours 

ppm 

Elements 

14 

27 

None 

detected 

28 

33 

None 

detected 

42 

30 

None 

detected 

56 

38 

None 

detected 

70 

47 

None 

detected 

84 

43 

None 

detected 

98 

59 

None 

detected 

112 

60 

None 

detected 

126 

63 

None 

detected 

140 

68 

None 

detected 

154 

60 

None 

detected 

168 

80 

None 

detected 

182 

74 

None 

detected 

196 

75 

None 

detected 

210 

85 

None 

detected 

78 


RING  FACE  CONDITION:  %  BURNING 


SHALE  DF-M  TEST 

Cylinder  Number 

1 

2 

3 

First  Ring 

5 

15 

20 

Second  Ring 

N 

85 

55 

Third  Ring 

N 

75 

55 

Fourth  Ring 

N 

50 

60 

Average  of  all 

1 

56 

48 

N  =  Normal 

Ring 

RING  STICKING 
SHALE  DF-M  TEST 

Piston  Number 

No. 

1 

2 

3 

1 

5%  P 

20%  P 

50%  P 

2 

F 

F 

F 

3 

F 

F 

F 

4 

F 

F 

F 

F  =  Free 
P  =  Pinched 
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CYLINDER  LINERS 
SHALE  DF-M  TEST 


Cylinder  Liner  Scuffing 
Percent  of  Compression  Ring 
Travel  Are  a _ _ 


Cylinder 

Number 

Percent  Port 
Restriction 

Percent  Scuffed 
Thrust  Anti-Thrust 

%  Total 

Area  Scuffed 

%  Glazed 

%  Lacquer 

1 

5 

5 

10 

8 

15 

85 

2 

2 

5 

90 

48 

10 

90 

3 

1 

1 

35 

18 

10 

90 

Average 

3 

4 

45 

24 

12 

88 

PISTON  O.D.  (IN) 

SHALE  DF-M  TEST 

Cylinder  1  2  3 

Before  3.8709  3.8709  3.8708 

After  3.8699  3.8700  3.8699 

Change  0.0010  0.0009  0.0009 
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PISTON  SURFACE  CONDITION 
SHALE  DF-M  TEST 


Top  Land 
Skirt 

Piston  Pin 


_ Piston  Number 

1  2 

N  N 

Lt.  Scratches  Lt.  Scratches 
N  N 


3 

N 

Lt.  Scratch's 
N 


PISTON  GROOVE  INSIDE  DIAMETER 
%  RING  SUPPORTING  CARBON 
SHALE  DF-M  TEST 


Piston  Rinfl 
1 


2 


Quadrant 

1 

2 

3 

4 

1 

2 

3 

4 


1 

0 

0 

0 

0 

0 

0 

85 

0 


Piston  Number 
2 

95 

0 

0 

0 

10 

0 

95 

15 


3 

95 

0 

0 

0 

0 

5 

90 

5 


Quadrants : 

1  =  Thrust 

2  =  Rear 

3  =  Anti-thrust 

4  =  Front 
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EXHAUST  VALVE  DEPOSITS 
SHALE  DF-M  TEST 


_ Cylinder  Number _ 

Area  _ 1  _  2 _  _ 3_ _ 

Head  10%  BHC  40%  AHC  50%  %AHC 

Face  - ijAHC  to  #9  Lacquer - 

Tulip  -  AHC  to  #9  Lacquer - 

Stem  - #9  Lacquer  to  Clean - 


EXHAUST  VALVE  SURFACE  CONDITIONS 
SHALE  DF-M  TEST 


Cylinder  Number 

1 

2 

3 

Freeness  in  Guide 

F 

F 

F 

Head 

N 

N 

N 

Face 

Some  light  leaking  due 

to  deposits 

Seat 

N 

N 

N 

Stem 

N 

N 

N 

Tip 

N 

N 

N 

F  =  Free 
N  =  Normal 


85 


RING  DEPOSITS 
SHALE  DF-M  TEST 


03 
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CJ 

1  1 
in  m 
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warn 
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WEIGHTED  TOTAL  DEPOSITS 
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CYLINDER  LINER  I.D.  (IN) 
SHALE  DF-M  TEST 


Cylinder 

Number 

1.  After 
Before 
Change 

2.  After 
Before 
Change 

3.  After 
Before 
Change 

Average  (All) 

Average  T/AT 


Piston  Number 

1.  After 
Before 
Change 

2.  After 
Before 
Change 

3.  After 
Before 
Change 

Avg  F/R  (#1)  Wear 


NM  »  Not  Measured 


Front/Back 
Parallel  to  Crank 


Top 

Middle 

Bottom 

3.8776 

3.8774 

3.8770 

3.8772 

3.8769 

3.8767 

0.0004 

0.0005 

0.0003 

3.8772 

3.8775 

3.8773 

3.8763 

3.8769 

3.8769 

0.0009 

0.0006 

0.0004 

Thrust /Anti thrust 


Perpendicular  to  Crank 


Top 

Middle 

Bottom 

3.8784 

3.8779 

3.8772 

3.8774 

3.8770 

3.8765 

0.0010 

0.0009 

0.0007 

3.8787 

3.8778 

3.8771 

3.8773 

3.8771 

3.8768 

0.0014 

0.0007 

0.0003 

3.8779 

3.8780 

3.8775 

3.8769 

3.8773 

3.8771 

0.0010 

0.0007 

0.0004 

3.8774 

3.8771 

0.0003 

0.0006 

0.0008 


3.8775 

3.8771 

0.0004 


3.8769 

3.8769 

0.0000 


PISTON  RING  GAP  (IN) 
SHALE  DF-M  TEST 


Ring 


1 

2 

3 

4 

0.035 

0.029 

0.028 

0.029 

0.032 

0.028 

0.028 

0.029 

0.003 

0.001 

0.000 

0.000 

0.036 

0.028 

0.028 

0.029 

0.035 

0.028 

0.028 

0.029 

0.001 

0.000 

0.000 

0.000 

0.037 

0.032 

0.030 

0.032 

0.034 

0.032 

0.029 

0.031 

0.003 

0.000 

0.001 

0.001 

0.002 


Number 


5 

6 

7 

8 

NM 

0.022 

NM 

0.022 

NM 

0.022 

NM 

0.022 

NM 

0.020 

NM 

0.020 

NM 

0.020 

NM 

0.019 

NM 

0.020 

NM 

0.020 

NM 

0.019 

NM 

0.021 
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PISTON  AND  CYLINDER  LINER  CONDITION 
SHALE  DF-M  TEST 


PISTON  AND  CYLINDER  LINER  CONDITION 
SHALE  DF-M  TEST 


92 


No.  3  Thrust  Side 
(best) 


RING  FACE  CONDITION 
SHALE  DF-M  TEST 


Piston 


Piston 


DISTRIBUTION  LIST 


DEPARTMENT  OF  DEFENSE 

DEFENSE  DOCUMENTATION  CTR 
CAMERON  STATION  12 

ALEXANDRIA  VA  22314 

DEPT  OF  DEFENSE 

ATTN:  DASA(MRA&L)-ES(MR  DYCKMAN)  1 
WASHINGTON  DC  20301 

COMMANDER 

DEFENSE  LOGISTICS  AGY 
ATTN  DLA-SME  (MRS  P  MCLAIN)  1 

CAMERON  STATION 
ALEXANDRIA  VA  22314 

COMMANDER 

DEFENSE  FUEL  SUPPLY  CTR 
ATTN:  DKSC-T  1 

CAMERON  STA 
ALEXANDRIA  VA  22314 

COMMANDER 

DEFENSE  GENERAL  SUPPLY  CTR 
ATTN:  DGSC-SSA  1 

RICHMOND  VA  23297 

DEPARTMENT  OF  THE  ARMY 


HQ,  DEPT  OF  ARMY 

ATTN:  DALO-TSE  1 

DAMA-CSS-P  (DR  BRYANT)  I 

DAMA-ARZ  (DR  CHURCH)  1 

DAMA-SMZ  1 

WASHINGTON  DC  20310 


CDR 

U.S.  ' RMY  MOBILITY  EQUIPMENT 
R&D  COMMAND 

Attn:  DRDME-GL  10 

FORT  BELVOIR  VA  22060 

CDR 

US  ARMY  MATERIAL  DEVEL&READINESS 


COMMAND 

ATTN:  DRCLDC  (MR  BENDER)  1 

DRCMM-SP  (LTC  O’CONNER)  1 

DRCQA-E  (MR  SMART)  1 

DRCDE-DG  (MR  MCGOWAN)  1 

DRCIS-S  (MR  SPRAGUE)  1 

DRCIS-C  (LTC  CROW)  1 

5001  EISENHOWER  AVE 
ALEXANDRIA  VA  22333 


CDR 

US  ARMY  TANK-AUTOMOTIVE  CMD 
ATTN  DRSDA-NW  (TWVMO)  1 

DRSTA-RG  (MR  HAMPARIAN)  1 

DRSTA-NS  (DR  PETRICK)  1 

DRSTA-J  1 

DRSTA-G  (COL  MILLS)  1 

DRSTA-M  1 

DRSTA-GBP  (MR  MCCARTNEY)  1 

WARREN  MI  48090 


DIRECTOR 

US  ARMY  MATERIAL  SYSTEMS 
ANALYSIS  AGENCY 

ATTN  DRXSY-CM  1 

DRXSY-S  1 

DRXSY-L  1 

ABERDEEN  PROVING  GROUND  MD  21005 

CDR 

US  ARMY  APPLIED  TECH  LAB 
ATTN  DAVDL-ATL-ATP  (MR  MORROW)  1 
DAVDL-ATL  1 

FORT  EUSTIS  VA  23604 

HQ,  1 72D  INFANTRY  BRIGADE  (ALASKA) 
ATTN  AFZT-DI-L  1 

AFZT-DI-M  1 

DIRECTORATE  OF  INDUSTRIAL 
OPERATIONS 

FT  RICHARDSON  AK  99505 


CDR 

US  ARMY  GENERAL  MATERIAL  & 
PETROLEUM  ACTIVITY 
ATTN  STSGP-FT  (MS  GEORGE)  1 

STSGP-PE  1 

STSGP  (COL  HILL)  1 

NEW  CUMBERLAND  ARMY  DEPOT 
NEW  CUMBERLAND  PA  17070 

CDR 

US  ARMY  ARRCOM,  LOG  ENGR  DIR 
ATTN  DRSAT-LEM  (MR  MENKE)  1 

ROCK  ISLAND  ARSENAL  IL  61299 

CDR 

US  ARMY  COLD  REGION  TEST  CENTER 
ATTN  STECR-TA  (MR  HASLEM)  1 

APO  SEATTLE  98733 
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CDR 

US  ARMY  RES  &  STDZN  GROUP 
(EUROPE) 

ATTN  DRXSN-E-RA  1 

BOX  65 

FPO  NEW  YORK  09510 

HQ,  US  ARMY  AVIATION  R&D  CMD 
ATTN  DRDAV-D  (MR  CRAWFORD)  1 

DRDAV-N  (MR  BORCMAN)  1 

DRDAV-E  (MR  LONG)  l 

P  0  BOX  209 
ST  LOUIS  MO  63166 


CDR 

US  ARMY  FORCES  COMMAND 
ATTN  AFLG-REG  (MR  HAMMERSTROM)  1 

AFLG-POP  (MR  COOK)  1 

FORT  MCPHERSON  GA  30330 

CDR 

US  ARMY  ABERDEEN  PROVING  GROUND 
ATTN  STEAP-MT  1 

STEAP-MT-U  (MR  DEAVER)  1 

ABERDEEN  PROVING  GROUND  MD  21005 

CDR 

US  ARMY  YUMA  PROVING  GROUND 
ATTN  STEYP-MT  (MR  DOEBBLER)  1 

YUMA  AR  85364 

MICHIGAN  ARMY  MISSILE  PLANT 
OFC  OF  PROJ  MGR,  XM-1  TANK  SYS 
ATTN  DRCPM-GCM-S  1 

WARREN  MI  48090 

MICHIGAN  ARMY  MISSILE  PLANT 
PROG  MGR,  FIGHTING  VEHICLE  SYS 
ATTN  DRCPM-FVS-SE  1 

WARREN  MI  48090 

PROJ  MGR,  M60  TANK  DEVELOPMENT 
ATTN  DRCPM-M60-E  1 

WARREN  MI  48090 

PROG  MGR,  Ml  13/Ml 13A1  FAMILY 
OF  VEHICLES 

ATTN  DRCPM-M1 13  1 

WARREN  MI  48090 

PROJ  MGR,  MOBILE  ELECTRIC  POWER 
ATTN  DRCPM-MEP-TM  1 

7500  BACKLICK  ROAD 
SPRINGFIELD  VA  22150 


OFC  OF  PROJ  MGR,  IMPROVED  TOW 
VEHICLE 

US  ARMY  TANK-AUTOMOTIVE  R&D  CMD 
ATTN  DRCPM-ITV-T  1 

WARREN  MI  48090 

CDR 

US  ARMY  EUROPE  &  SEVENTH  ARMY 
ATTN  AEAGC-FMD  1 

APO  NY  09403 

PROJ  MGR,  PATRIOT  PROJ  OFC 

ATTN  DRCPM-MD-T-G  1 

US  ARMY  DARCOM 

REDSTONE  ARSENAL  AL  35809 

CDR 

THEATER  ARMY  MATERIAL  MGMT 
CENTER  (200TH) 

DIRECTORATE  FOR  PETROL  MGMT 
ATTN  AEAGD-MM- PT-Q  (MR  PINZOLA)  1 

ZWEIBRUCKEN 
APO  NY  09052 

CDR 

US  ARMY  RESEARCH  OFC 
ATTN  DRXRO-EG  1 

DRXRO-CB  (DR  GHIRARDELLI)  1 

P  0  BOX  12211 

RSCH  TRIANGLE  PARK  NC  27709 
DIR 

US  ARMY  R&T  LAB 

ADVANCED  SYSTEMS  RSCH  OFC 

ATTN  MR  D  WILSTED  1 

AMES  RSCH  CTR 

MOFFITT  FIELD  CA  94035 

CDR 

TOBYHANNA  ARMY  DEPOT 

ATTN  SDSTO-TP-S  1 

TOBYHANNA  PA  18466 

DIR 

US  ARMY  MATERIALS  &  MECHANICS 
RSCH  CTR 

ATTN  DRXMR-EM  1 

WATERTOWN  MA  02172 

CDR 

US  ARMY  DEPOT  SYSTEMS  CMD 

ATTN  DRSDS  1 

CHAMBERSBURG  PA  17201 
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CDR 

US  ARMY  WATERVLIET  ARSENAL 

ATTN  SARWY-RDD  1 

WATERVLIET  NY  12189 

CDR 

US  ARMY  LEA 

ATTN  DALO-LEP  1 

NEW  CUMBERLAND  ARMY  DEPOT 
NEW  CUMBERLAND  PA  17070 

CDR 

US  ARMY  GENERAL  MATERIAL  & 
PETROLEUM  ACTIVITY 
ATTN  STSCP-PW  (MR  PRICE)  1 

SHARPE  ARMY  DEPOT 
LATHROP  CA  95330 

CDR 

US  ARMY  FOREIGN  SCIENCE  <&  TECH 
CENTER 

ATTN  DRXST-MT 1  1 

FEDERAL  BLDG 

CHARLOTTESVILLE  VA  22901 
CDR 

DARCOM  MATERIAL  READINESS 
SUPPORT  ACTIVITY  (MRSA) 

ATTN  DRXMD-MS  1 

LEXINGTON  KY  40511 

HQ,  US  ARMY  T&E  COMMAND 

ATTN  DRSTE-TO-O  1 

ABERDEEN  PROVING  GROUND,  MD  21005 

HQ,  US  ARMY  ARMAMENT  RAD  C MD 
ATTN  DRDAR-SCM-00  (MR  MUFFLEY)  1 

DRDAR-TST-S  1 

DOVER  NJ  07801 

HQ,  US  ARMY  TROOP  SUPPORT  (. 
AVIATION  MATERIAL  READINESS 
COMMAND 

ATTN  DRSTS-MFG  (2)  1 

DRCPO-PDE  (LTC  FOSTER)  1 

4300  GOODFELLOW  BLVD 
ST  LOUIS  MO  63120 

DEPARTMENT  OF  THE  ARMY 
CONSTRUCTION  ENG  RSCH  LAB 
ATTN  CERL-EM  1 

P  0  BOX  4005 
CHAMPAIGN  IL  61820 


HQ 

US  ARMY  TRAINING  &  DOCTRINE  CMD 
ATTN  ATCD-SL  (MR  RAFFERTY)  1 

FORT  MONROE  VA  23651 

DIRECTOR 

US  ARMY  RSCH  &  TECH  LAB  (AVRADCOM) 
PROPULSION  LABORATORY 
ATTN  DAVDL-PL-D  (MR  ACURIO)  1 

21000  BROOKPARK  ROAD 
CLEVELAND  OH  44135 


CDR 

US  ARMY  NATICK  RES  &  DEV  CMD 
ATTN  DRDNA-YEP  (DR  KAPLAN)  1 

NATICK  MA  01760 

CDR 

US  A  '•  TRANSPORTATION  SCHOOL 
ATTN  Al JL-CD-MS  1 

FORT  EUSTIS  VA  23604 

CDR 

US  ARMY  QUARTERMASTER  SCHOOL 
ATTN  ATSM-CD-M  1 

ATSM-CTD-MS  1 

ATSM-TNG-PT  (COL  VOLPE)  1 

FORT  LEE  VA  23801 

HQ,  US  ARMY  ARMOR  SCHOOL 

ATTN  ATSB-TD  1 

FORT  KNOX  KY  40121 

CDR 

US  ARMY  LOGISTICS  CTR 

ATTN  ATCL-MS  (MR  A  MARSHALL)  1 

FORT  LEE  VA  23801 

CDR 

US  ARMY  FIELD  ARTILLERY  SCHOOL 
ATTN  ATSF-CD  1 

FORT  SILL  OK  73503 

CDR 

US  ARMY  ORDNANCE  CTR  &  SCHOOL 
ATTN  ATSL-CTD-MS  1 

ABERDEEN  PROVING  GROUND  MD  21005 

CDR 

US  ARMY  ENGINEER  SCHOOL 

ATTN  ATSE-CDM  1 

FORT  BELVOIR  VA  22060 
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CDR 

US  ARMY  INFANTRY  SCHOOL 

ATTN  ATSH-CD-MS-M  I 

FORT  BENNING  GA  31905 

CDR 

US  ARMY  AVIATION  CTR  &  FT  RUCKER 
ATTN  ATZQ-D  1 

FORT  RUCKER  AL  36362 

DEPARTMENT  OF  THE  NAVY 

CDR 

NAVAL  AIR  PROPULSION  CENTER 
ATTN  PE- 71  1 

PE-72  (MR  D'ORAZIO)  1 

P  0  BOX  7176 
TRENTON  NJ  06828 

CDR 

NAVAL  SHIP  ENGINEERING  CTR 

CODE  6 10 IF  (MR  R  LAYNE)  1 

WASHINGTON  DC  20362 

CDR 

DAVID  TAYLOR  NAVAL  SHIP  R&D  CTR 
CODE  2830  (MR  G  BOSMAJIAN)  1 

CODE  2831  1 

ANNAPOLIS  MD  21402 

JOINT  OIL  ANALYSIS  PROGRAM  - 

TECHNICAL  SUPPORT  CTR  1 

BLDG  780 

NAVAL  AIR  STATION 
PENSACOLA  FL  32508 


DEPARTMENT  OF  THE  NAVY 
HQ,  US  MARINE  CORPS 
ATTN  LPP  (MAJ  SANBERG)  1 

LMM  (MAJ  GRIGGS)  1 

WASHINGTON  DC  20380 

CDR 

NAVAL  AIR  SYSTEMS  CMD 
ATTN  CODE  52032E  (MR  WEINBURG)  1 
CODE  53645  1 

WASHINGTON  DC  20361 


CDR 

NAVAL  AIR  DEVELOPMENT  CTR 

ATTN  CODE  60612  (MR  L  STALLINGS)  1 

WARMINSTER  PA  18974 


CDR 

NAVAL  RESEARCH  LABORATORY 
ATTN  CODE  6170  (MR  H  RAVNER)  1 

CODE  6180  1 

CODE  6110  (DR  HARVEY)  1 

WASHINGTON  DC  20375 

CDR 

NAVAL  FACILITIES  ENGR  CTR 
ATTN  CODE  1202B  (MR  R  BURRIS)  1 

CODE  120B  (MR  BUSCHELMAN)  1 

200  STOVALL  ST 
ALEXANDRIA  VA  22322 


CHIEF  OF  NAVAL  RESEARCH 

ATTN  CODE  473  (DR  R  MILLER)  1 

ARLINGTON  VA  22217 

CDR 

NAVAL  AIR  ENGR  CENTER 

ATTN  CODE  92727  1 

LAKEHURST  NJ  08733 

CDR 

NAVY  FACILITIES  ENGRG  CMD 
CIVIL  ENGR  SUPPORT  OFC 
CODE  I5312A  (ATTN  EOC  COOK)  1 

NAVAL  CONSTRUCTION  BATTALION  CTR 
PORT  HUENEME  CA  93043 

CDR,  NAVAL  MATERIAL  COMMAND 
ATTN  MAT-08T3  (DR  A  ROBERTS)  1 

CP6,  RM  606 
WASHINGTON  DC  20360 

CDR 

NAVY  PETROLEUM  OFC 

ATTN  CODE  40  1 

CAMERON  STATION 

ALEXANDRIA  VA  22314 

CDR 

MARINE  CORPS  LOGISTICS  SUPPORT 
BASE  ATLANTIC 

ATTN  CODE  P841  1 

ALBANY  GA  31704 

DEPARTMENT  OF  THE  AIR  FORCE 

HQ,  USAF 

ATTN  RDPT  1 

WASHINGTON  DC  20330 
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OTHER  GOVERNMENT  AGENCIES 


HQ  AIR  FORCE  SYSTEMS  CMD 

ATTN  AFSC/DLF  (LTC  RADLOF)  1 

ANDREWS  AFB  MD  20334 

CDR 

US  AIR  FORCE  WRIGHT  AERONAUTICAL 
LAB 

ATTN  AFWAL/POSF  (MR  CHURCHILL)  I 

AFWAL/POSL  (MR  JONES)  I 

WRIGHT-PATTERSON  AFB  OH  45433 

CDR 

USAF  SAN  ANTONIO  AIR  LOGISTICS 
CTR 

ATTN  SAALC/SFQ  (MR  MAKRIS)  1 

SAALC/MMPRR  (MR  ELLIOT)  I 

KELLY  AIR  FORCE  BASE,  TX  78241 

CDR 

US  AIR  FORCE  WRIGHT  AERONAUTICAL 
LAB 

ATTN  AFWAL/MLSE  (MR  MORRIS)  1 

AFWAL/MLBT  1 

WRIGHT-PATTERSON  AFB  OH  45433 

CDR 

USAF  WARNER  ROBINS  AIR  LOGISTIC 
CTR 

ATTN  WR-ALC/MMIRAB-1  (MR  GRAHAM)  1 
ROBINS  AFB  GA  31098 


US  DEPARTMENT  OF  TRANSPORTATION 
ATTN  AIRCRAFT  DESIGN  CRITERIA 

BRANCH  2 

FEDERAL  AVIATION  ADMIN 
2100  2ND  ST  SW 
WASHINGTON  DC  20590 

US  DEPARTMENT  OF  ENERGY 
DIV  OF  TRANS  ENERGY  CONSERV  2 

ALTERNATIVE  FUELS  UTILIZATION 
BRANCH 

20  MASSACHUSETTS  AVENUE 
WASHINGTON  DC  20545 

DIRECTOR 

NATL  MAINTENANCE  TECH  SUPPORT 

CTR  2 

US  POSTAL  SERVICE 
NORMAN  OK  73069 

US  DEPARTMENT  OF  ENERGY 
BARTLESVILLE  ENERGY  RSCH  CTR 
DIV  OF  PROCESSING  &  THERMO  RES  l 
DIV  OF  UTILIZATION  RES  1 

BOX  1398 

BARTLESVILLE  OK  74003 

SCI  &  TECH  INFO  FACILITY 

ATTN  NASA  REP  (SAK/DL)  1 

P  0  BOX  8757 

BALTIMORE/WASH  INT  AIRPORT  MD  21240 
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